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Referat:
In der vorliegenden Arbeit werden optische Schichteigenschaften von Zirren durch ra¨umlich
und zeitlich kombinierte flugzeuggetragene Messungen zusammen mit Strahlungstransfersim-
ulationen untersucht. Diese ra¨umlich koordinierten Strahlungs– und Mikrophysikmessun-
gen oberhalb, unterhalb und innerhalb des Zirrus werden mittels eines Forschungsflugzeuges
(Learjet 35A) in Kombination mit einem Schleppko¨rper namens AIRTOSS (AIRcraft TOwed
Sensor Shuttle) realisiert.
AIRTOSS wird dabei vom Flugzeug aus mittels einer Winde abgelassen und wieder einge-
holt. Die maximale Seilla¨nge betra¨gt 4 km. Im Rahmen des AIRTOSS–ICE–Projekts (In-
homogeneous Cirrus Experiment) wurden wa¨hrend zweier Messkampagnen u¨ber der Nord–
und Ostsee im Fru¨hjahr und Spa¨tsommer 2013 flugzeuggetragene Beobachtungen der Zir-
ruseigenschaften durchgefu¨hrt. Beispielmessungen eines Messfluges werden in dieser Arbeit
gezeigt, welche den Nutzen der simultanen Strahlungsmessungen mittels zweier Messplat-
tformen aufzeigen.
Aus den Messungen der spektralen Flussdichten oberhalb und unterhalb des Zirrus werden
die optischen Schichteigenschaften wie Transmissivita¨t, Reflektivita¨t und Absorptivita¨t und
die Albedo der Wolkenschicht ermittelt.
Die flugzeuggetragenen Untersuchungen werden durch Sensitivita¨tsstudien gestu¨tzt, basierend
auf einem eindimensionalen Strahlungstransfermodell. Dies dient der Charaktierisierung des
Einflusses variierender, optischer und mikrophysikalischer Zirruseigenschaften (Eiskristall-
form, Partikelgro¨ße und optische Dicke) auf die optischen Schichteigenschaften und den
solaren Strahlungsantrieb des Zirrus. Weitere Studien zeigen den Einfluss einer darunter-
liegenden Flu¨ssigwasserwolke auf die Zirruseigenschaften. Eine niedrige Wolkenschicht fu¨hrt
zu Abweichungen der Schichteigenschaften des Zirrus von 85%. Die Nichtberu¨cksichtigung
niedriger Wolken unterhalb einer Zirrusschicht fu¨hrt zu einer deutlichen U¨berscha¨tzung des
Strahlungsantriebs des Zirrus um Faktor 5.
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Abstract:
In this thesis cirrus optical layer properties are investigated by truly collocated measurements
and supplementary radiative transfer simulations. The close collocation of the radiative and
microphysical measurements, above, beneath and inside the cirrus, is obtained by using a
research aircraft (Learjet 35A) in tandem with a towed platform called AIRTOSS (AIRcraft
TOwed Sensor Shuttle).
AIRTOSS can be released from and retracted back to the research aircraft by means of a
cable up to a distance of 4 km. Data were collected in two field campaigns above the North
and Baltic Sea in spring and late summer 2013 in the framework of the AIRTOSS–ICE (AIR-
TOSS – Inhomogeneous Cirrus Experiment) project. Exemplary, results from one measuring
flight are discussed also to illustrate the benefits of collocated sampling.
The spectral optical layer properties of cirrus are derived from simultaneous and vertically
collocated measurements of spectral upward and downward solar irradiance above and below
the cloud layer and concurrent in situ microphysical sampling of the ice particle size distri-
butions. From the irradiance data the optical layer properties (transmissivity, reflectivity,
and absorptivity) and the cloud top albedo of the observed cirrus layer are obtained.
These airborne observations are supported by sensitivity studies using one–dimensional radia-
tive transfer modelling to characterize the effect of varying cirrus optical and microphysical
properties (ice crystal shape, particle size, and cloud optical thickness) on the cirrus optical
layer properties, as well as on the solar cirrus radiative forcing. Further studies show the
impact of an underlying low–level liquid water cloud on the mentioned cirrus properties. A
low–level cloud causes differences in the layer properties of the cirrus by 85%. If low–level
clouds below cirrus are not considered the solar cooling due to the cirrus is significantly
overestimated by up to a factor of 5.
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1 Introduction
1.1 Climate impact of cirrus
Significant uncertainties in atmospheric modelling and remote sensing originate from clouds
and their effects and interaction with solar and terrestrial radiation [IPCC, 2013]. In par-
ticular, the high–altitude cirrus which is globally widespread [Wylie et al., 1994] plays an
important role in the earth–atmosphere system [Liou and Takano, 1994].
This strong effect on the earth’s energy budget (e.g., Liou [1986]; Cess et al. [1993]) is deter-
mined by the incoming solar and outgoing thermal infrared irradiances. The cirrus influences
the radiative energy balance by reflecting and absorbing solar radiation as well as by absorb-
ing and emitting IR radiation (e.g.,Liou [1986]; Chen et al. [2000]; Lynch et al. [2002]).
The vertical structure of the cirrus, including the ice water content, the cloud top and base
heights, the cirrus layer thickness, and cloud overlapping as well, affect the shortwave and
longwave radiation [Stephens and Webster, 1984]. This emphasizes the need of knowledge of
the temporal and spatial distributions of multi–layered clouds, as they are critical for under-
standing the earth’s climate. As cirrus clouds are linked to weather patterns, being associated
with precipitation, they modulate the earth’s water budget as well. [Sassen and Wang, 2008].
Depending on cloud optical geometrical properties and altitude, cirrus can either warm or
cool the atmosphere ([Chen et al., 2000]; Lynch et al. [2002]). Fig. 1.1 shows the impact of
the cirrus optical thickness and cloud particle size on the cirrus radiative forcing, calculated
by the radiative transfer model by Fu & Liou [Fu and Liou, 1992, 1993]. Assuming a con-
stant particle size (30µm) a decreasing cirrus optical thickness results in a positive radiative
forcing. An increase of the particle size with a constant optical thickness (τCi=2) reveals
a warming effect of the cirrus, too. It confirms the sign–changing effect of cirrus on the
radiative forcing dependent on the optical and microphysical cirrus properties.
Schlimme et al. [2005] found that the horizontal variability of the extinction coefficient leads
to significant differences in the solar irradiance compared to a homogeneous cloud, resulting
in a varying transmittance of about 80%. Zhang et al. [1999] reported that the radiative
forcing of the cirrus may switch sign depending on the geometry and size of the ice crystals.
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Figure 1.1: Cirrus radiative forcing RF in Wm−2 depending on (a) the cirrus optical thickness with
a constant cloud particle size (30µm) and (b) the cirrus cloud particle size with a constant cirrus
optical thickness (τCi=2). The calculations are adapted from Fu & Liou Cloud / Aerosol Forcing
Page (Version 200503 / 2005).
The impact of ice crystal shape on the cirrus radiative forcing, depending on the solar zenith
angle, can vary between 10 and 26% for the solar spectral range [Wendisch et al., 2005],
while for the thermal infrared, even differences of up to 70% are found [Wendisch et al.,
2007]. Eichler et al. [2009] investigated the influence of ice crystal shape on the retrieval of
τ and reff and reported effects of up to 70% (τ) and 20% (reff).
Next to the cloud particle size, also Zhang et al. [1999] reported, that the ice crystal shape
results in a sign–changing of the cirrus radiative forcing, as shown in Fig. 1.2. Presented is
the cirrus net, infrared and solar radiative forcing in dependence of the ice particle mean
size and the ice crystal shape. One finding is, that the decrease of the solar radiative forcing
assuming polycrystal shapes is larger than assuming hexagonal columns due to an increased
reflectivity of the polycrystals.
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Figure 1.2: Cirrus radiative forcing (Wm−2) assuming different shape approaches, by Zhang et al.
[1999].
1.2 Cirrus micro– and macroscopical properties
Cirrus clouds globally occur at all latitudes and in all seasons. More than 70% of cirrus
are observed in the tropics [Wylie et al., 1994], being relatively stable and long–lived [Liou,
1986]. The reported mean global cirrus cover ranges between 13% [Chen et al., 2000], 17%
Sassen and Wang [2008] and 27% [Stubenrauch et al., 2006].
Chang and Li [2005] investigated the annual and global occurrence of the different cloud
types. They reported a global annual coverage of high clouds of 52–61% (ocean–land), from
which 27–29% represent cases with low clouds underneath the cirrus, as shown in Fig. 1.3.
This emphasizes the need of investigations regarding radiative interactions between upper
(cirrus) and lower (liquid water clouds) cloud layers.
The large cirrus coverage in the Tropics [Stubenrauch et al., 2006] is a result of anvils pro-
duced by deep convection in the Intertropical Convergence Zone (ITCZ) and in tropical
regions associated with monsoons [Mace et al., 2006]. The midlatitude cirrus is basically
formed by frontal and low–pressure systems [Lynch et al., 2002]. Furthermore, cirrus can
develop from aircraft condensation trails (contrails) caused by air traffic in the upper tro-
posphere [Schumann, 2005] Kra¨mer et al. [2016] reported for midlatitude cirrus, that fast
updraft in situ cirrus occur in conjunction with gravity waves and jet streams, while slow
updraft in situ origin cirrus appear in low– and high–pressure systems.
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Figure 1.3: Global annual coverage of high clouds and underlying low clouds, taken from
Chang and Li [2005]. The color code represents the frequency.
Due to different meteorological conditions and evolution processes cirrus clouds are char-
acterized by a wide diversity of macrophysical structure, size and number of ice particles,
crystal shape and orientation. Horizontal and vertical inhomogeneities of these properties
increase the complexity of cirrus.
Platt et al. [1987] as well as Sassen and Benson [2001] reported a geometrical thickness of 1
to 3 km. The maximum altitude is determined by the height of the tropopause with latitu-
dinal cloud top height variations between 4 and 20 km [Dowling and Radke, 1990]. Typical
values for the cirrus optical thickness range between τCi=0.5 – 3.5 [Platt and Stephens, 1980]
and τCi=0.03 – 1.66, reported by Sassen and Benson [2001].
The vertical distribution according to the cirrus particle size shows higher number con-
centrations with small particle diameters in upper cirrus layers, while lower number size
distributions with larger particle sizes are typical for lower cirrus layers, resulting from mi-
crophysical processes during the cirrus formation. For midlatitude and tropical ice clouds
Baum et al. [2005a] reported values for the effective radius of the complete cirrus layer from
19µm to 120µm.
Investigations of the ice crystal shape reveal hollow bullet rosettes and column–shaped ice
crystals as the main crystal shapes in mid– and highlatitude cirrus [Schmitt and Heymsfield,
2007]. This was already confirmed by observations from balloon–borne replicators and air-
craft two–dimensional cloud probes, showing that the main ice crystal shape of midlatitude
and polar cirrus clouds are bullet rosettes (Heymsfield and Knollenberg 1972; Heymsfield
and Platt 1984; Sassen et al. 1995).
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1.3 Optical layer properties
The above mentioned microphysical and macrophysical cirrus properties are related to the
cloud optical layer properties consisting of the transmissivity T , the reflectivity R, and the
absorptivity A. R quantifies the relative portion of incoming solar radiation that is reflected
by the cloud layer, whereas T describes the part of the incoming radiation transmitted
through the cloud. The relative portion of irradiance absorbed inside the cloud layer is
defined by A.
By obtaining the upward and downward irradiances at the top and the base of a cirrus layer,
the respective cirrus optical layer properties can be derived by these four quantities. As cirrus
reveals fast changes of properties and location due to increased wind velocities, radiation
measurements above and below the cirrus layer need to ensure a temporal collocation to
derive the layer properties T , R, and A.
Measurements of spectral layer properties of cirrus are rare. Commonly a combination of
measurements and simulations is applied to derive layer properties, whereby τ and reff are
retrieved from reflected radiance [airborne or space borne, see Francis et al., 1998] and then
used in combination with a radiative transfer model to simulate layer reflectivity, transmis-
sivity, and absorptivity.
Direct measurements of cirrus optical layer properties are hard to obtain if only one aircraft
is used. Usually, the radiative measurements above and below the cirrus are performed con-
secutively [e.g., Pilewskie and Valero, 1992]. This method unavoidably involves a temporal
shift between the two measurements above and below the cloud and, thus, can be applied
for rather static and horizontal homogeneous cloud layers only. For low–level clouds, e.g.,
helicopter–borne towed platforms were developed and adapted, such as the Airborne Cloud
Turbulence Observation System (ACTOS) for microphysical in situ instruments, and the
Spectral Modular Airborne Radiation measurements sysTem – HELIOS for solar spectral
reflectivity measurements [Henrich et al., 2010, Werner et al., 2013, 2014].
For cirrus measurements, Frey et al. [2009] introduced the airborne AIRcraft TOwed Sensor
Shuttle (AIRTOSS), which is an instrumented tandem measurement platform, for cloud–
radiation interaction studies. The sensor pod AIRTOSS is dragged by a Learjet 35A research
aircraft, that can be detached from, towed by, and retracted onto the aircraft by a winch
underneath the Learjet wing.
The AIRTOSS was equipped with instrumentation to measure cloud microphysical proper-
ties, such as cloud particle size, number, and shape. Radiation instruments where mounted
on the Learjet, measuring the downward irradiance and upward radiance. An inertial navi-
gation system (INS) and a global positioning system (GPS) inside the towed platform ensure
the collocation of the measurements with stable flight conditions, which is crucial for radia-
tion measurements.
In the framework of the AIRTOSS–ICE campaign, introduced in this thesis, an extended
version of AIRTOSS with additional spectral radiation sensors is presented. The collocated
measurement setup enables measurements of the cirrus layer properties.
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1.4 Objectives
The main objective of this thesis is related to the quantification of the effects of spatial inho-
mogeneities of microphysical properties (effective cloud particle radius and ice water content)
of cirrus on solar radiation. Specifically, it will be shown how these inhomogeneities affect
(a) the cirrus optical layer properties such as spectral transmissivity, absorptivity, reflectiv-
ity, and cloud top albedo, and (b) the cloud radiative forcing in the solar spectral range.
To achieve these goals airborne measurements (radiation and microphysical properties) and
radiative transfer modelling were combined.
To derive the cirrus layer properties collocated radiative measurements above and below the
cirrus layer were performed to ensure reliable observations of the fast–changing and moving
high clouds, while in situ observations within the cloud were used to characterize the cloud
microphysics.
As an essential part of this work, a sensitivity study is applied to estimate the effects of the
cirrus microphysical properties on the radiative layer properties but also on the radiative
forcing based on the measurements which were performed during the AIRTOSS–ICE cam-
paign.
Statistic show a simultaneous occurrence of high cirrus and low–lying liquid water clouds of
14 – 18% which emphasizes the need to investigate also the radiative interactions between
the cloud layers and the effect on the above lying cirrus. So, additional sensitivity studies
were related to the impact of an underlying low–level liquid water cloud on the cirrus optical
layer properties and the solar radiative forcing.
1.5 Outline
For truly collocated measurements of the cirrus optical layer properties radiation sensors are
mounted on two platforms, the research aircraft Learjet 35A and the AIRcraft TOwed Sensor
Shuttle (AIRTOSS). The new version of the towed sensor platform AIRTOSS, reported
by Finger et al. [2016], was extended by instrumentation for measurements of the spectral
upward F ↑ and downward irradiance F ↓. A second setup of radiation sensors measures F ↑
and F ↓ in the altitude of the Learjet.
The experimental work, presented in this thesis, was performed in the framework of the
AIRTOSS – ICE (AIRcraft TOwed Sensor Shuttle – Inhomogeneous Cirrus Experiment)
project. An exemplary measurement flight is presented in this thesis. The measured layer
properties reveal horizontal inhomogeneities due to changing microphysical cirrus properties,
resulting in varying optical properties.
Investigating the cirrus optical layer properties transmissivity, reflectivity, and absorptiv-
ity, as well as the impact on the earth’s energy budget, sensitivity studies are performed.
Therefore, simulations with the one–dimensional radiative transfer model package libRad-
tran [Mayer and Kylling, 2005] are performed.
As the cirrus optical layer properties and the cirrus radiative forcing depend on the micro-
physical and optical properties of the cloud layer, sensitivity studies regarding a changing
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cloud particle number size distribution, obtaining different cirrus optical thicknesses, and
assuming varying ice crystal shapes are conducted to investigate the resulting effects on T ,
R, and A.
The high frequency of multi–layer cloud conditions motivates investigations of the effect of
an underlying low–level liquid water cloud on the above lying cirrus optical layer properties
and cirrus radiative forcing. Further studies show the dependence on the cirrus properties,
such as optical thickness and ice crystal shape. Varying cloud properties of the low–level
cloud, such as optical thickness and cloud top height, are investigated as well.
2 Definitions
This chapter introduces the radiative quantities (Sec. 2.1) used in this thesis as well as the
optical (Sec. 2.2) and microphysical (Sec. 2.3) cloud properties. A description of the radiative
transfer equation follows (Sec. 2.4). Section 2.5 explains the cloud optical layer properties.
Parameter describing the effect of the cloud on the energy budget of the atmosphere are
discussed in section 2.6. The subsequent definitions follow the textbook on atmospheric
radiative transfer by Wendisch and Yang [2012].
2.1 Radiative Quantities
The spectral radiant energy flux Φλ is defined by the radiant energy Erad (in units of W s=J)
passing through the infinitesimal area element within a time interval t+dt and in a wavelength
range of λ+ dλ.
It is given by
Φλ =
d2Erad
dtdλ
(2.1)
in units of Wnm−1. The corresponding spectral radiant energy flux density Fλ is given by
Fλ =
d2Φλ
d2A
=
d4Erad
d2A dtdλ
. (2.2)
The units for the spectral radiant energy flux density, or spectral irradiance Fλ, are Wm
−2 nm−1.
It is the measure of the radiant energy flux incident on a plane surface with the unit area d2A.
Considering the horizontal alignment of d2A yields that the unit vector n̂, perpendicular to
the unit area, exhibits in zenith direction.
The zenith angle θ and azimuth angle φ define the solid angle element d2Ω = sin θ dθ dφ in
units of sr (see Fig. 2.1).
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Figure 2.1: Geometry to define radiance Iλ(ŝ) and irradiance Fλ by using the zenith angle θ, the
azimuth angle φ, and the solid angle element d2Ω.
The spectral radiance Iλ(ŝ) in units of Wm
−2 nm−1 sr−1 is defined as the radiant energy
within a solid angle element, d2Ω, along the direction of propagation ŝ and is defined as
Iλ(ŝ) =
d4Φλ
cos θ d2A d2Ω
=
d6Erad
dt dλ cos θ d2A d2Ω
. (2.3)
d2A⊥ = cos θ · d2A is the projection of d2A onto a perpendicular plane to the propagation
direction ŝ.
The spectral integration of Iλ(ŝ) over the solid angle element d
2Ω of 4π sr gives Fλ:
Fλ =
∫∫
2πsr
Iλ(ŝ) · cos θ d2Ω (2.4)
=
∫ 2π
0
∫ π
0
Iλ(θ, φ) · cos θ · sin θ dθ dφ. (2.5)
The spectral downward F ↓λ and upward irradiance F
↑
λ can be derived by separating into the
upper [ θ = (0 . . . π/2), φ = (0 . . . 2π) ] and the lower hemisphere
[θ = (π/2 . . . π), φ = (0 . . . 2π)]:
F ↓λ =
∫ 2π
0
∫ π/2
0
Iλ(θ, φ) · cos θ · sin θ dθ dφ, (2.6)
F ↑λ = −
∫ 2π
0
∫ π
π/2
Iλ(θ, φ) · cos θ · sin θ dθ dφ. (2.7)
For an isotropic field of radiation the radiance is independent of the incident direction and
it holds:
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F ↑λ,iso = F
↓
λ,iso = π · Iλ. (2.8)
2.2 Optical Properties of Clouds
As particles interact with incoming solar radiation, the extinction has to be quantified in
terms of intensity of absorption and scattering, as well as the scattering angle. The interaction
between electromagnetic radiation and individual particles can be described by the single
scattering properties, such as the extinction cross section Cext, the single–scattering albedo
ω˜, and the scattering phase function P , which are valid for cloud and aerosol particles. In
the following section the definitions are focussed on the cirrus cloud particles.
For real atmospheric clouds with cloud particles of different sizes and extinction properties,
volumetric scattering properties have to be calculated as described in Sec. 2.2.
2.2.1 Single Scattering Cloud Properties
The extinction cross section Cext (in units of m
2) is a measure of attenuation of the incoming
radiation by an individual cloud particle. It is defined as the ratio between the attenuated
radiant energy flux Φλ to the incident irradiance Fλ:
Cext =
Φλ
Fλ
. (2.9)
Cext can be described as the sum of the scattering cross section Csca and the absorption cross
section Cabs:
Cext = Cabs + Csca. (2.10)
The relative importance of scattering versus absorption is described by the single–scattering
albedo ω˜, that is defined by:
ω˜ =
Csca
Cext
=
Csca
Cabs + Csca
. (2.11)
The dimensionless scattering phase function P characterizes the angular probability distri-
bution of the scattered radiation from an incident direction [µi, φi] to any direction [µ, φ]. P
is normalized to 4π and defined by:
∫ 2π
0
∫ 1
−1
P([µi, φi] −→ [µ, φ]) dµ dφ = 4π sr. (2.12)
For an azimuthal symmetric or azimuthally averaged phase function the relation between
the incident and scattered direction is given by the scattering angle ϑ (see Fig. 2.2), that is
related to µ and µi,:
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cosϑ = µ · µi +
√
1− µ2 ·
√
1− µ2i (2.13)
with
µ = cos θ (2.14)
and
µi = cos θ0. (2.15)
Figure 2.2: Geometry to define the scattering angle ϑ of the incoming radiation Erad with respect
to the solar zenith angle θ.
P(cosϑ) of ice crystals is asymmetric and cannot be solved analytically. The numerical
solution is realized by expanding P(cosϑ) into a series of Legendre polynomials:
P(cosϑ) =
∞∑
n=0
Cn · Pn(cos θ). (2.16)
The factors Cn are the dimensionless Legendre moments and Pn(cos θ) are the orthogonal
basis functions, or Legendre polynomials, defined by:
Pn(cos θ) =
1
2nn!
dn
d cosn ϑ
(cos2 ϑ− 1)n, cosϑ ∈ [−1, 1] n = 1, 2, . . . . (2.17)
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The moments Cn of the Legendre expansion represent the contribution of each Legendre
polynomial to the Legendre expansion and are derived from:
Cn =
2n+ 1
2
∫ +1
−1
P(cosϑ) · Pn cos θ d cosϑ. (2.18)
The atmospheric radiation with ϑ = 0◦ can be considered as directly transmitted, hence no
scattered fraction exists. This method of truncation approximation reduces the number of
required Legendre coefficients and is used to minimize the computation time. Therefore, the
numerical expansion is truncated at Λ:
Ptr(cosϑ) =
Λ−1∑
n=0
Cn · Pn(cos θ) = P − htr, (2.19)
where htr is the truncation function. As the conservation of energy has to be maintained,
the single scattering properties have to be scaled by the fraction of energy ftr within the
truncated forward peak. To reduce the scattering in the radiative transfer equation the
extinction cross section has to be scaled by:
C ′ext = (1− ftr · ω˜) · Cext. (2.20)
According to that, the scaled single scattering albedo is given by:
ω˜′ =
1− ftr
1− ftr · ω˜ · ω˜. (2.21)
The Legendre moments C ′n of the truncated phase function can be calculated with:
C ′n =
Cn −Dn
1− ftr , (2.22)
where Dn are the Legendre moments of the truncation function htr.
The ice crystal single scattering properties used in this work are obtained from the ice
particle optical properties database by Prof. Ping Yang, introduced by Yang et al. [2013].
The database consists of optical properties of ice particles assuming various shapes and
particle surface roughness in a spectral range of 0.2 – 15.25µm and 16.4 – 99.0µm. The nine
shapes are:
 droxtal
 plate
 solid column
 hollow column
 solid bullet rosette
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 hollow bullet rosette
 5–element plate aggregate
 10–element plate aggregate
 8–element column aggregate
and each type of shape has three degrees of roughness:
 smooth
 moderately rough
 severely rough.
The ice particle size ranges from 2 to 1·104 µm. For each ice crystal shape, roughness, and
particle size the following spectral particle properties are provided:
 projected area (µm2)
 extinction efficiency
 single scattering albedo
 asymmetry factor
 phase function with respect to the scattering angle.
2.2.2 Volumetric Properties of Clouds
The single scattering properties describe the behaviour of individual cloud particles, whereas
volumetric scattering properties characterize a cloud layer with a distribution of individual
cloud particles. The single scattering properties are weighted with the according particle
number size distribution dNdD′ where N is the number of cloud particles N and D the particle
diameter. The spectral volumetric extinction coefficient ⟨bext,λ⟩ in units of km−1 is given by:
⟨bext,λ⟩ =
∫
Cext,λ,D′ · dN
dD
(D′) · dD′. (2.23)
The integral of the volumetric extinction coefficient of a cloud with the cloud base at zbase
and the cloud top at ztop over the geometric height z is the cloud optical thickness τ (dimen-
sionless):
τ =
∫ ztop
zbase
⟨bext,λ⟩(z′)dz′. (2.24)
A similar algorithm was used to derive the spectral volumetric single-scattering albedo ⟨ωλ⟩
by calculating:
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⟨ωλ⟩ =
∫
ωλ,D′ · Cext,λ,D′ · dNdD (D′) · dD′
⟨bext,λ⟩ . (2.25)
Furthermore, the volumetric phase function ⟨pλ⟩ is obtained by:
⟨pλ,ϑ⟩ =
∫
pλ,ϑ,D′ · Csca,λ,D′ · dNdD (D′) · dD′∫
Csca,λ,D′ · dNdD (D′) · dD′
. (2.26)
2.3 Microphysical Properties of Clouds
The effective radius reff in units of µm characterizes the mean radius of a cloud particle
population weighted by the number size distribution dNdD′ . It is defined as the ratio between
the third to the second moment of dNdD′ with the cloud particle diameter D:
reff =
1
2
∫∞
0 D
′3 dN
d logD (D
′) d logD′∫∞
0 D
′2 dN
d logD (D
′) d logD′
, (2.27)
reff =
3
4
∫
V (D′) · dNd logD (D′) d logD′∫
A(D′) · dNd logD (D′) d logD′
. (2.28)
The mass concentration of the cloud particle (water droplets or ice crystals) in a cloud volume
is characterized by the liquid water content LWC (of a water cloud) or ice water content
IWC (of a cirrus) in units of gm−3, given by:
LWC / IWC =
∫
V (D′) · dN
dD
(D′) dD′. (2.29)
The relation between τ , IWC, and reff of a cirrus can be described by :
τ =
3
2
· IWC · δz
reff · ρ. (2.30)
The equation reveals, that with a decreasing effective radius and an increasing ice water
content and cloud vertical depth the cirrus optical thickness increases.
2.4 Radiative Transfer Equation
The attenuation of direct solar radiation Idir in the atmosphere with τ as a vertical coordinate
and µ0 = cos θ0 can be described via Beer–Lambert–Bouguer law:
2.4. RADIATIVE TRANSFER EQUATION 15
Idir(τ, µ0, φ0) =
S0
4π
· exp
(
− τ
µ0
)
, (2.31)
where S0 is the extraterrestrial irradiance incident at the top of the atmosphere (see Fig. 2.3 a).
Eq. 2.31 shows the exponential decreasing of Idir along τ which results in an attenuation of
the direct contribution. Thus, the solar radiative transfer in clouds can be described by the
diffuse radiance Idiff only. The 1D radiative transfer equation assuming a plane–parallel and
horizontally homogeneous atmosphere is [Chandrasekhar, 1950]:
µ
dIdiff(τ, µ, φ)
dτ
= Idiff − (Jdir + Jdiff + Jemi). (2.32)
Figure 2.3: Schematic sketches to describe (a) the attenuation of direct solar radiation Idir in the
atmosphere with τ , and (b) the single scattering Jdir and multiple scattering term Jdiff in dependence
of the direct Idir and diffuse radiance Idiff
Jdir and Jdiff characterize the part of radiation scattered into the viewing direction, where
Jdir is the single scattering term and Jdiff the multiple scattering term (see Fig. 2.3 (b)).
Jdir =
ω˜(τ)
4π
· S0 · exp
(
− τ
µ0
)
· P(τ, [−µ0, φ0] −→ [µ, φ]), (2.33)
Jdiff =
ω˜(τ)
4π
∫ 2π
0
∫ 1
−1
Idiff(τ, µi, φi) · P(τ, [µi, φi] −→ [µ, φ]) dµi dφi. (2.34)
As the thermal emission in the solar spectral range (λ=0.2 – 5µm) can be neglected, it can
be assumed that Jemi=0.
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2.5 Optical layer properties
The cloud optical layer properties characterize the behaviour of a single cloud layer interact-
ing with the incoming solar radiation. They are defined by the upward F ↑ and downward
F ↓ irradiance at the top and the base of a cloud layer, indicated in Fig. 2.4. The following
equations are based on the assumption of horizontal inhomogeneity.
Figure 2.4: Schematic sketch to illustrate the cloud optical layer properties reflectivity R, absorp-
tivity A, and transmissivity T with the spectral upward (F ↑λ ) and downward (F
↓
λ ) irradiance at the
top (subscript top) and the base (subscript base) of the layer.
The spectral reflectivity Rλ is given by:
Rλ =
F ↑λ,top − F ↑λbase
F ↓λ,top
. (2.35)
Rλ quantifies the relative portion of incoming solar radiation that is reflected by the cloud
layer. The spectral transmissivity Tλ of a cloud layer is defined by:
Tλ =
F ↓λ,base
F ↓λ,top
. (2.36)
It describes the part of the incoming irradiance transmitted through the cloud. The relative
portion of irradiance absorbed inside the cloud layer is defined by the spectral absorptivity:
Aλ =
(F ↓λ,top − F ↑λ,top)− (F ↓λ,base − F ↑λ,base)
F ↓λ,top
. (2.37)
From these definitions it follows:
Rλ + Tλ +Aλ =
F ↑λ,top − F ↑λ,base + F ↓λ,base + F ↓λ,top − F ↑λ,top − F ↓λ,base + F ↑λ,base
F ↓λ,top
= 1. (2.38)
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The cloud top albedo Rtop is given by:
Rtop,λ =
F ↑λ,top
F ↓λ,top
. (2.39)
Rtop describes the cloud reflection property of the underlying surface and cloud layers.
2.6 Energy Budget
2.6.1 Radiative Forcing
To investigate the effect of the cirrus layer on the atmospheric radiative energy budget the
radiative forcing (RF toa) at the top of atmosphere (toa) is used:
RFtoa,λ = (F
↓
λ,toa − F ↑λ,toa)cloud − (F ↓λ,toa − F ↑λ,toa)clear sky. (2.40)
The subscripts ”cloud”and ”clear sky”indicate conditions of a clear sky or cloudy atmosphere.
The environmental conditions, such as the vertical profile of relative humidity and the surface
albedo, are constant for both cases. Furthermore, extraterrestrial variations are neglected
and it holds:
(F ↓λ,toa)clear sky = (F
↓
λ,toa)cloud. (2.41)
This leads to the simplification
RFtoa,λ = (F
↑
λ,toa)clear sky − (F ↑λ,toa)cloud. (2.42)
Following Eq. (2.42), RFtoa,λ is the net of solar (shortwave) and terrestrial (longwave) radia-
tion for the atmospheric conditions. A positive RF toa indicates a net warming of the cloud by
absorbing outgoing energy from the Earth’s surface. A negative RF toa indicates a net cooling
effect mainly due to reflecting of incoming solar radiation. The following investigations are
focused on the solar spectrum from 300 to 2300 nm only.
2.6.2 Heating Rate
In order to investigate the vertical gradient of the radiative cooling or warming, the quantity
heating rate HR is introduced here. The solar heating rate HR describes the effect of the
radiation field on the local temperature change at a certain altitude. The vertical distri-
bution shows the local effects more exactly. In the following the heating rate is calculated
for atmospheric layers of 200m vertical extend, assuming an adequate description for the
simulated cirrus clouds in chapter 5.
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The change of the temperature with time dTdt is a function of the atmospheric density ρ, the
specific warm capacity under constant pressure cp, and the changing net irradiance with alti-
tude. The net irradiance is defined by the difference of the downward and upward irradiance.
HR =
dT
dt
= − 4π
cp ρm
dF
dz
(2.43)
In other words the heating rate is the change of temperature with time in units of Kd−1.
HR =
dT
dt
=
1
cp ρ
dFnet
dz
(2.44)
dFnet = F
↓ − F ↑ (2.45)
HR =
dT
dt
=
1
cp ρ
(F ↓top + F
↑
base)− (F ↑top + F ↓base)
ztop − zbase (2.46)
According to equation 2.46 the heating rate is derived for a layer between ztop and zbase.
F ↓top+F
↑
base describes the radiation gain of the respective layer, whereas, F
↑
top+F
↓
base reveals
the loss of energy. Depending on the relation between those two terms, the resulting heating
rate gets positive or negative. In case of the radiation profit is larger, HR is positive and
the layer is warming over time. In contrast, as the loss of energy dominates the resulting
heating rate gets negative and the layer is cooling over time. The integration over the vertical
atmospherical column results in the radiative forcing.
3 Instrumentation
3.1 Campaign and Instrumentation
The experimental work, presented in this thesis, was performed in the framework of the
AIRTOSS – ICE (AIRcraft TOwed Sensor Shuttle – Inhomogeneous Cirrus Experiment)
project, a collaboration of the Leipzig Institute for Meteorology, University of Leipzig, the
Max Planck Institute of Chemistry Mainz, the University of Mainz, and the Forschungszen-
trum Ju¨lich [Klingebiel et al., 2017]. The AIRTOSS campaign logo is illustrated in Fig. 3.1.
Data presented in this work were collected during two measuring campaigns, performed above
the North and Baltic sea in spring and late summer 2013.
Figure 3.1: Logo of the AIRTOSS – ICE (AIRcraft TOwed Sensor Shuttle – Inhomogeneous Cirrus
Experiment) campaigns 2013.
3.1.1 Overview of AIRTOSS – ICE
Measurements were performed during two observational campaigns in spring (6 – 8 May)
and late summer (29 August – 5 September) in 2013. The research flights were based at
the military airports in Hohn and Jagel, North Germany, and were carried out in restricted
flight areas above the North and Baltic Sea. The measurement areas represent boxes with
the size of 60 x 85 km2, and 35 x 80 km2, respectively. Stepwise horizontal flight patterns were
flown to collect radiative and microphysical data at different altitudes (6 – 11.5 km). Fig. 3.2
shows the flight tracks for both parts of the measurement campaign indicating the similar
19
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flight plans. The flight starts from North Germany in a direct way to the measurement area
above the sea with long flight segments in north–south–direction.
Figure 3.2: Flight tracks of the measuring flights during (a) AIRTOSS I and (b) AIRTOSS II in the
restricted areas above the Baltic Sea near the island of Ru¨gen, North Germany, and above the North
Sea near the island of Helgoland, North Germany. [Google Earth, 2017]
In total, twelve measurement flights were carried out during both campaigns. Due to gaps
in the operation of the measuring instruments and limited days with cirrus in the mea-
surement area, only four flights were analyzed in detail. Table 3.2 summarizes the specific
flights according to the flight time, the weather conditions, and the presence of cirrus in the
measurement area.
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3.1.2 Instrumentation
The instrumental platform comprises an aircraft, Learjet 35A, and a towed platform called
AIRTOSS (AIRcraft TOwed Sensor Shuttle). The previous version of AIRTOSS is presented
by Frey et al. [2009] comprising a Cloud Imaging Probe (CIP) measuring microphysical cloud
properties and an Inertial Navigation System (INS) for the measurements of the flight at-
titudes. The new version of AIRTOSS, reported by Finger et al. [2016], was extended by
measuring the spectral upward F ↑ and downward irradiance F ↓.
Fig. 3.3 (a) presents a picture of the Learjet right before the start of one of the test flights
at the beginning of the first campaign. During this test flight the Learjet and the towed
platform were investigated by a second aircraft (Fig. 3.3 b).
Figure 3.3: Photo from the Learjet 35A with the towed AIRTOSS (right) and at the airport (left,
taken from Finger et al. [2016]). The right picture was taken during a test flight from a second
aircraft.
The instruments were mounted at different positions on the aircraft, the towed platform
AIRTOSS, and an additional wing pod underneath the left wing. The operation of the
aircraft together with the tethered AIRTOSS is certified for altitudes up to 12.5 km [the
previous ceiling limitation was 7.6 km; Frey et al., 2009].
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3.2 Instrumental Platforms
The measuring instruments, as reported in Chapter 3, have to be prepared for usage in
airborne applications. Therefore, the instrumental platforms and its placement are presented
in the following sections. The platforms comprises an aircraft (section 3.2.2), Learjet 35A,
and a towed platform called AIRTOSS (AIRcraft TOwed Sensor Shuttle, section 3.2.1).
Section 3.2.3 describes the vertical collocation of the two platforms and the time allocation
between both.
3.2.1 AIRTOSS
AIRTOSS, as shown in Fig. 3.4 (a), has a length of 2.85m and a diameter of 24 cm; the
maximum payload is 40 kg. It can be released from and retracted to the aircraft by a 4 km
long towing cable. The housing of the towed platform consists of an aerodynamic canister to
avoid irregular movements and to enable quiet flying, which is crucial for reliable radiation
measurements [Frey et al., 2009]. The inner construction is a metal framework, see Fig. 3.4
(b), where each spectrometer pair, the electronic components, and optical inlets are mounted
on.
Figure 3.4: Sketch and photo from the AIRTOSS setup. The upper photo represents the aerodynamic
canister including the size indications. The picture below shows the inner housing consisting the
radiative and microphysical measuring instruments, taken from Finger et al. [2016].
In the front part of AIRTOSS the Cloud Combination Probe [CCP, see e.g., Klingebiel et al.,
2015, Wendisch and Brenguier, 2013] is installed. The CCP consists of the Cloud Droplet
Probe (CDP) and the Cloud Imaging Probe instrument (CIP grey scale – denoted as CIPgs
3.2. INSTRUMENTAL PLATFORMS 25
in the following), operated by the Max Planck Institute for Chemistry Mainz and University
of Mainz. The CDP measurement principle is similar to the FSSP–100 and detects particles
in the size diameter range between 2 µm and 50 µm by measuring the forward–scattered light
of a laser beam which hits individual particles. The CIPgs records two–dimensional (2D)
shadow images of the particles and covers a size range between 15 µm and 960 µm with an
optical resolution of 15 µm. The performance of these microphysical cloud probes in cirrus
clouds was characterized by McFarquhar et al. [2007].
The center part of AIRTOSS contains a battery for power supply, which is sufficient to assure
electrical power for measurements of about two hours. The radiation setup is mounted in
the backward part of AIRTOSS, whereas Fig, 3.5 shows a photo of the inner backward part.
It consists of two spectrometer pairs and two optical inlets, one upward and one downward
looking, measuring the downward and upward spectral irradiance F . Additional sensors for
static air temperature and relative humidity, latitude, longitude and position angles pitch,
roll and heading of AIRTOSS are installed.
Figure 3.5: Photo from the SMART unit of AIRTOSS in the lab, the backward part of the inner
housing of the sonde.
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3.2.2 Aircraft
The applied aircraft certified for the operation of AIRTOSS is a Learjet 35A, see Fig. 3.6.
Instruments for measurements of trace gases and water vapor are mounted inside the cabin
with special inlets sampling ambient air from outside the aircraft during the flight. An up-
ward looking radiation sensor, measuring the downward irradiance F ↓ (in Wm−2 nm−1), was
mounted on the fuselage including SMART inside the aircraft.
An active horizontal stabilization platform [Wendisch et al., 2001] was operated to maintain
the upward looking optical inlet on top of the aircraft in a horizontal position during the
flight. A pod mounted under the left wing of the aircraft contains another optical inlet
with a pair of spectrometers, measuring the upward irradiance. A Forward Scattering Spec-
trometer Probe (FSSP–100), placed at the tip of the wing pod, measures the cloud particle
number size distribution [size diameter range from 2 to 47 µm, Gayet et al., 2002]. To correct
for shattering [Korolev et al., 2013] the FSSP–100 records the individual data particle–by–
particle [Field et al., 2003, 2006]. The instrument was used as indicator for the time periods
when the aircraft was inside clouds and for estimates of general parameters like mean cloud
particle diameter.
Figure 3.6: Assembly of the research aircraft Learjet 35A, the towed AIRTOSS, and the wing pod
containing instruments measuring radiation, microphysical parameter, water vapor, and trace gases.
The picture was taken from Finger et al. [2016].
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To obtain the cirrus optical layer properties collocated irradiance measurements at the two
measuring platforms have to be guaranteed, as it is illustrated in Fig. 3.7. An adjustment of
the vertical collocation is described in the following section.
Figure 3.7: Schematic sketch of measurement setup, taken from Finger et al. [2016], to measure
collocated upward (F ↑) and downward (F ↓) irradiance at two altitudes (base, top).
3.2.3 Vertical Collocation
As the AIRTOSS is dragged behind the aircraft, time allocation of the radiation measure-
ments of the towed platform has to be adjusted to that measured simultaneously on the
Learjet 35A to collocate both data sets. The temporal shift between the aircraft and AIR-
TOSS was calculated by using the cable length l (3000 ft = 914m), the aircraft velocity v
(150 – 170ms−1) and the altitude difference ∆z of both platforms, as a function of the true
air speed (see Fig. 3.8).
Figure 3.8: Schematic sketch of the horizontal misalignment between the aircraft and the AIRTOSS.
Marked are the length l of the towing cable, the vertical distance δ z, the angle α between both, and
the searched horizontal distance x.
The time shift ∆t between the two platforms can be derived by their horizontal distance x,
that is unknown, and the aircraft velocity v:
∆t =
x
v
. (3.1)
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By using angular relationships x can be replaced, assuming:
sinα =
x
l
(3.2)
and
cosα =
∆z
l
. (3.3)
The time difference between the two platforms can be derived by:
∆t = sin
(
arccos
∆z
l
)
l
v
(3.4)
or
∆t =
√
1−
(
∆z
l
)2 l
v
. (3.5)
The resulting vertical displacement ∆z varies between 160m and 210m, corresponding to a
time difference of 4.8 – 6 seconds.
3.3 Working principle and characterization of SMART
This chapter introduces the working principle and the calibrating procedures of the SMART
instrument and its components.
3.3.1 Working Principle
The Spectral Modular Airborne Radiation Measurement SysTem, further denoted as SMART–
Albedometer, was developed at the Leibniz–Institute for Tropospheric Research (TROPOS)
in collaboration with the company enviscope GmbH, Frankfurt am Main, Germany. The
SMART–Albedometer is a spectroradiometric system for airborne spectral measurements of
radiometric quantities in the solar spectral range between 350 and 2000 nm wavelength. The
measurements are performed in the upward and the downward direction at the same time
using a set of optical inlets and spectrometers. Because of the distinction of the radiation of
the upper hemisphere from the one of the lower hemisphere, it is used as an albedometer,
according to the definition of the albedo by the ratio of the upward and downward radiation.
The radiation measurements presented in this work are measurements of the upward and
downward spectral irradiance in Wm−2 nm−1.
The measurement assembly consists of optical irradiance inlets, bifurcated optical fibres,
shutter systems, spectrometer for the visible and near-infrared wavelength range, and a per-
sonal computer (Fig. 3.10).
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Figure 3.9: Schematic sketch of the spectroradiometric system consisting of optical inlets, spectrom-
eter (VNIR and SWIR), shutter, front–end electronic (FEE), and the data processing computer (PC).
One system was mounted on both the Airtoss and aircraft.
The photons, collected by the optical inlets, are transferred via optical fibres to the spectrom-
eters, where they are spectrally dispersed by a fixed grating and detected by a single–line
photodiode array (PDA). The electric signal from the photodiodes is accumulated by an
integrating circuit over a specific period of time. According to the ambient brightness condi-
tions, the integration time is optimized to cover the full dynamic range. The electric signal
is amplified, digitised and stored in the front–end electronics (FEE) which transfers the data
to the PC.
The choice of the spectrometer determines the spectral range that can be measured. To cover
the solar spectral range from the visible to the near infrared, two spectrometers are required
for each measuring assembly (Fig. 3.10). The Multichannel Spectrometer (MCS, manufac-
tured by Zeiss) is used for the visible to near infrared (VNIR) wavelength range from 350 to
1000 nm with a spectral resolution of 2 to 3 nm (full width at half maximum, FWHM). The
Plain–Grating Spectrometer (PGS, Zeiss) operates in the shortwave infrared (SWIR) range
from 900 to 2000 nm with a FWHM of 9 to 16 nm. The specifications are summarized in
table 3.3. Altogether, two complete sets of the spectrometer system, represented in Fig. 3.10,
have been operated for measuring the spectral irradiance. They were mounted on the aircraft
and the towed sensor shuttle, respectively.
Figure 3.10: Images of the employed spectrometer for the visible (MCS UV–VNIR, Zeiss, left) and
the near infrared (PGS SWIR, Zeiss, right) wavelength range.
30 3. INSTRUMENTATION
Table 3.3: Specifications of the two spectrometer types used for the radiation measurements.
Name Type Spectral Number Resolution Measured
Range of Pixels FWHM Quantity
MCS UV–NIR Multichannel 350–1000 nm 1024 2–3 nm Irradiance
Spectrometer (VNIR) F ↓λ,F
↑
λ
(C. Zeiss GmbH)
PGS NIR Plain–Grating 900–2300 nm 256 9–16 nm Irradiance
Spectrometer (SWIR) F ↓λ,F
↑
λ
(C. Zeiss GmbH)
The computers are used to control the spectrometers via LabVIEW, to read the digital signal
and store it in ASCII files. The measured raw data consist of thermally induced dark current
of the photodiodes. This results in a temperature–dependent dark signal. Due to electronic
noise of the spectrometer and fluctuations of the ambient temperature the dark current is
not constant and has to be measured regularly.
Into the optical path, between the optical inlet and the SWIR spectrometer, a shutter (Inline–
TTL Shutter, Ocean Optics) is included to measure the dark signal. It is a mechanical closure
between two optical fibers and controlled by the software. The dark current is recorded
after ten atmospheric measurements. Afterwards the dark spectrum is subtracted from the
subsequent measurements.
Fig. 3.11 shows exemplarily two time series of raw signals from dark current measurements
during the flight on 30 August 2013. The upper panel presents the raw dark signal at a
selected wavelength of 1640 nm for F ↓base, and the lower panel for F
↓
base. As the time series
show different levels of around 600 and 180 counts, respectively, in a time period of 1000
seconds the dark current varies of about 50 counts in both cases.
Figure 3.11: Dark current signals in raw counts of F ↓base (a) and F
↑
base (b) at λ=1700 nm, during
the measurement flight of 30 August 2013.
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The optical inlets are designed to receive photons from all directions of the hemisphere
weighted by the cosine to measure the upward (lower hemisphere) and downward (upper
hemisphere) irradiance. A subsequent cosine calibration is performed, further explained in
section 3.3.2.
The characterization of the complete measuring system is presented in the following sections.
Regarding the application of the system components optical inlet, optical fiber, and spec-
trometer the respective calibration procedures, representing in the following sections, were
to be performed (see table 3.4). Starting with the optical inlet its receiving plane and the
cosine dependence has to be characterized (sec. 3.3.2). The spectrometer has to be calibrated
in accordance to the pixel wavelength assignment, carried out in the spectral calibration in
the lab (sec. 3.3.3). The sensitivity of the complete spectrometer system, according to the as-
signment between the raw data and the physical quantity irradiance, the absolute calibration
in the lab (sec. 3.3.4) and the transfer calibration in the field (sec. 3.3.5) were performed.
Table 3.4: Allocation of the calibration procedures to the optical components optical inlet, optical
fiber, and spectrometer.
Calibration Optical Inlet Spectrometer Optical Fiber
Effective area X
Cosine X
Spectral X
Absolute X X X
Transfer X X X
3.3.2 Cosine Calibration
As the solar zenith angle is not constant the angle of incidence into the optical inlet is
changing. From the definition of the irradiance quantity cosine weighting of the incoming
radiation is necessary. However, each optical inlet deviates from the ideal cosine response,
following
f cos,dir(θ) =
F (θ = 0◦) · cos(θ)
F (θ)
. (3.6)
For an ideal optical inlet f cos,dir equals one. Therefore, each optical inlet has to be cosine
calibrated in the lab. Fig. 3.12 shows the calibration setup in the lab. Lamp and optical inlet
are mounted in a black box ensuring experimental conditions without any perturbations by
other light sources.
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Figure 3.12: Calibration setup in the laboratory for the cosine calibration consisting the optical
inlet, fibre, spectrometer, and a 1000W calibration lamp. It is housed in a black box. The distance
x=500mm needs to be constant.
Firstly, the photon receiving plane of the sensor has to be characterized. It is an artificial
effective area inside the optical inlet and different for each sensor. Its location is crucial for
the calibration with an emitting point source as it defines the exact distance to the light
source. For obtaining the effective area several measurements in the black calibration box
have to be performed assuming different distances d between a reference point of the sensor
and the light source. The position of the effective area is ∆r next to the reference point. ∆r
of the respective optical inlet can be obtained by plotting 1√
F (d)
against d and determining
the offset at
√
F (d) = 0.
The optical inlet was installed on a rotate stage along the optical axis. The centre of rotation
is defined by the effective area of the sensor. Spectral measurements were performed for
rotation angles between 0◦ and 90◦ in steps of 5◦ in both directions, as indicated by the
solid–line optical inlet in Fig. 3.12. Taking into account possible stray light effects within
the calibration box, measurements with a baffle between light source and optical inlet are
performed and subtracted afterwards, together with the dark current measurement.
The ideal cosine behavior of the optical inlet is shown as the black line in Fig. 3.13. The
red circles represent the real curve of an optical inlet with major differences in the range of
10◦ to 40◦. Higher values lead to a stronger insulation into the inlet with a higher measured
signal.
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Figure 3.13: Cosine response of the optical inlet VN9 (red dots), averaged over the SWIR wavelength
range. The black line represents the ideal cosine curve.
The deviation from the ideal cosine response needs to be corrected. Since for atmospheric
conditions, the radiation entering the optical inlet consists of a direct (xdir) and a diffuse (xdif)
contribution, also the cosine error has to be determined for direct and diffuse radiation. While
the direct cosine correction factor f cos,dir can be directly calculated according to Eq. 3.6, the
diffuse cosine correction factor is determined by the integration of f cos,dir over the hemisphere
using:
f cos,dif = 2 ·
∫ 90
0
f cos,dir(θ) · cos θ · sin θdθ (3.7)
The resulting cosine corrected spectral irradiance F cos,λ consists of the cosine corrected direct
part of measured radiation and the corrected diffuse part:
F cos,λ = (xdir · Fλ · f cos,dir) + (xdif · Fλ · fλ,cos,dif) (3.8)
with
xdir =
F dir
F global
=
F dir
F dir + F dif
. (3.9)
x
dir
is the percentage of the direct fraction of the incoming solar radiation, whereas x
dif
is the diffuse fraction. Fig. 3.14 shows f
cos,dir
exemplarily for one optical inlet. The direct
fraction is dependent of the solar zenith angle. The gray area indicates the solar zenith angle
range, which is important for the measurements, showing a low dependence of the direct
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cosine correction factor. Furthermore, with increasing solar zenith angle the direct fraction
increases in correspondence to the red dots in Fig. 3.13. The diffuse fraction is about 1.03,
representing a slightly higher correction factor compared to the direct fraction.
Figure 3.14: Direct cosine correction factor f cos,dir in dependence of the solar zenith angle and the
spectral diffuse correction factor for the VNIR spectrometer of the optical inlet VN9.
Correcting F ↓ the direct and the diffuse correction factor have to be taken into account,
whereas for the correction of F ↑ only the diffuse part is of interest as there is no direct
insolation into the downward looking optical inlet.
3.3.3 Spectral Calibration
Within the spectral calibration the raw spectra is merged with the pixel to wavelength
allocation. In case of a shift in the spectral resolution the wavelength configuration can
be adjusted with a monochromator or a noble–gas lamp, such as neon, argon, krypton or
mercury. The calibration lamp has defined spectral emission lines indicating the right pixel–
wavelength–assignment, for example the 585 nm emission peak of neon and 1530 nm using
the mercury–argon lamp. For further wavelength calibrations a monochromator provides
spectral emission lines in steps of 0.1 nm.
3.3.4 Absolute Calibration
The radiometric calibration is used to transform the raw spectrum in counts (cλ) measured by
the spectrometer into the physical quantity spectral irradiance in Wm−2 nm−1 for the visible
and shortwave infrared wavelength range. Therefore, a 1000W quartz–halogen tungsten coil
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filament lamp with a certified spectral power distribution, is used. The light source was
calibrated by a direct comparison to a Gooch & Housego NIST traceable FEL 1000–watt
lamp, standard of spectral irradiance, operated at 8A. Within the calibration the absolute
response of the measuring assembly consisting of optical inlet, optical fiber, and spectrometer
is defined, being valid for a wavelength range from 250 nm to 2500 nm. The distance between
the lamp and effective area needs to be constant, as the calibration lamp is certified for
x=500mm. The instrumental setup in Fig. 3.15 is similar to that of the cosine calibration.
Figure 3.15: Calibration setup in the laboratory for the absolute calibration consisting the optical
inlet, fibre, spectrometer, and a 1000W calibration lamp. It is housed in a black box. The distance
x=500mm needs to be constant.
To obtain the specific absolute calibration factor fabs,λ for each spectrometer system the
measured raw spectrum cλ is related to the irradiance values F lamp,λ of the calibration lamp,
respectively, for the certified distance of 500mm. Subtracting the dark current as well as the
stray light, measured with the shadow disc, have to be taken into account as well.
fabs,λ =
F lamp,λ
cλ
(3.10)
3.3.5 Transfer Calibration
The dismounting of the optical fibers, the transport, as well as different environmental condi-
tions during the field campaign may lead to changes in the calibration. Therefore, a transfer
calibration in the field with a stable and portable light source is performed. An integrat-
ing sphere, also known as Ulbricht sphere (see Fig. 3.16) gives isotropic radiation, originally
designed by Crowther [1997]. The same setup is used in the lab.
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Figure 3.16: Schematic sketch of the integrating sphere (Ulbricht sphere) for performing the transfer
calibration in the lab and the field.
The spectral transfer calibration factor f trans,λ of each VNIR and SWIR spectrometer results
from the relation of the spectral irradiance from the lab calibration and the field calibration:
f trans,λ =
FLab,λ
FField,λ
. (3.11)
After each measurement flight a field calibration is performed and can be assigned to the
measurement data, respectively. Fig. 3.17 shows f trans,λ for four measurement flights during
the AIRTOSS campaigns. Besides day 04.09.2013 the f trans,λ are within the measurement
uncertainty (see sec. 3.4). The deviating factor, resulting from the transfer calibration on
04.09.2013, emphasises the need for the transfer calibration procedure.
Figure 3.17: Transfer factors of different measuring flights during the second AIRTOSS–ICE cam-
paign.
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3.3.6 Data Analysis
In the following the procedure of the data analysis from the measured raw data to the ir-
radiance in Wm−2 nm−1 is introduced and illustrated in Fig. 3.19. At first the offset in the
spectral range at around 300 nm is subtracted from the measured VNIR spectrum. This off-
set originates from the dark current of this spectrometer. Because of the atmospheric cutoff
at 290 nm the signal below is due to noise only. The wavelength range of the spectrometer
starts at around 260 nm, so the data from 260 – 290 nm is nearly constant and can be aver-
aged to use it as the dark current.
For the SWIR spectrum each ten measurements two dark current measurements were con-
ducted and subtracted from the measurement raw data. Fig. 3.18 shows an example of a dark
current spectrum, measured by the upward looking inlet on Airtoss during the measurement
flight of 30 August 2013.
Figure 3.18: Dark current spectrum of the SWIR spectrometer, measured by the upward looking
inlet on Airtoss during the measurement flight of 30 August 2013.
The amount of the offset, due to the dark current, varies with the different thermal behaviour
of the spectrometers (VNIR and SWIR), respectively. For F ↑base, shown in Fig. 3.11, it ranges
between 35 and 69 raw counts for the measurement case represented in section 4.3, whereas
the offset ranges for F ↑base between 19 and 82 counts.
Following the dark current correction, the absolute calibration factor, the transfer calibration
factor, as well as the cosine calibration have to be applied to the measured raw data. The
spectral irradiance is obtained by multiplying the raw data with the two calibration factors:
Fλ = cλ · fabs,λ · ftrans,λ (3.12)
For completing the data processing the solar zenith angle has to be taken into account by
applying the cosine calibration.
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Figure 3.19: Sketch representing the procedure of data analysis from the measured raw data to the
irradiance in Wm−2 nm−1.
3.4 Error Analysis
Due to uncertainties of calibration: deviations from the ideal cosine angular sensor response
correction, uncertainties in the dark current measurement, as well as in the absolute and
transfer calibration, the resulting measurement uncertainties depend on these factors.
For an approach of a single measurement platform the irradiances are measured with the
same system and the remaining uncertainty reduces to the contributions of the two net
irradiance only. For the two platform approach, two independent systems are used and all
four irradiance measurements contribute to the overall uncertainty. Table 3.5 presents the
single uncertainties, resulting in an error of the measured upward and downward irradiance,
F ↑ and F ↓, of about 5%, respectively.
Table 3.5: Distribution of the relative uncertainties that contribute to the overall uncertainty of F .
Source of error Relative uncertainty
Spectrometer 1.6%
Dark current 1.5%
Calibration lamp 3.1%
Cosine calibration 1.6%
Transfer calibration 2.2%
5.0%
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From the Gaussian error propagation it follows a relative error ∆R according to:
∆R =
∂R
∂F ↓top
+
∂R
∂F ↑top
+
∂R
∂F ↑base
, (3.13)
∆R =
F ↑top − 1
F ↓top
·∆F ↑base +
1− F ↑base
F ↓top
·∆F ↑top +
F ↑base − F ↑top
(F ↓top)
2
·∆F ↓top (3.14)
for the reflectivity R.
For the transmissivity T ∆T is derived by:
∆T =
∂T
∂F ↓top
+
∂T
∂F ↓base
, (3.15)
∆T =
1
F ↓top
·∆F ↓base +
F ↓base
(F ↓top)
2
·∆F ↓top. (3.16)
For the absorptivity A ∆A is calculated by:
∆A =
∂A
∂F ↓top
+
∂A
∂F ↑top
+
∂A
∂F ↓base
+
∂A
∂F ↑base
, (3.17)
∆A = (F ↓top − F ↓base + F ↑base − 1) ·∆F ↑top + (F ↓top − F ↑top + F ↑base − 1) ·∆F ↓base
+(F ↓top − F ↑top − F ↓base + 1) ·∆F ↑base
+
(1− F ↑top − F ↓base + F ↑base) · F ↓top − (F ↓top − F ↑top − F ↓base + F ↑base)
(F ↓top)
2
·∆F ↓top.
(3.18)
The resulting uncertainties of the absolute values of the cloud optical layer properties range
between 4% for reflectivity, 9.5% for transmissivity and 11% for absorptivity. Expressed in
relative values for A and R the uncertainty even ranges between factor 2 to 3.
4 Measurement Cases
This chapter introduces the instrumental equipment of the AIRTOSS campaigns and repre-
sents results of the airborne radiation measurements investigating high cirrus clouds above
the North Sea.
4.1 Flight track and synoptic situation
Measurements are presented of one exemplary flight which took place west of the German
island of Helgoland above the North Sea (54.98◦ – 54.43◦N, 6.59◦ – 7.57◦E); it was performed
on 30 August 2013 (08:33 – 09:48 UTC). Northern Germany was under the influence of an
occluded front with associated cirrus and the center of the low south of Norway (see Fig.
4.1).
Fig. 4.1 (a) shows the corresponding composite satellite image of METEOSAT–10. In the
image the cirrus is indicated by white color. Low clouds are represented in yellow and
were present over a large area, including parts of the measurement area. The flight track
of the Learjet 35A is shown in Fig. 4.1 (b). It covers an area of 60 x 61 km2 and includes
investigations at altitudes between 6.4 km and 10.2 km.
Figure 4.1: (a) Composite satellite image of the cloud situation on 30 August 2013 at 10 UTC show-
ing cirrus (white) above yellow colored lower water clouds (Deutscher Wetterdienst / EUMETSAT).
In (b) the flight track of the measuring flight in the restricted area (white box in (a)) above the Baltic
Sea near the island of Ru¨gen, North Germany, is shown(taken from Finger et al. [2016]).
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4.2 Microphysical measurements
Fig. 4.2 shows the vertical profiles of (a) static air temperature (in ◦C), (b) relative humidity
(in %) with respect to ice, measured by instruments on the aircraft, (c) number concentration
(in cm−3), and (d) mean diameter (in µm), measured by the CIPgs on AIRTOSS, operated by
the Max Planck Institute for Chemistry Mainz and University of Mainz. The bars quantify
the measurement errors, resulting from instrument uncertainties (a, b), counting statistics
(c), and determination of the depth of field (d). Considering the measured ice particle number
concentration the cirrus was identified in altitudes between 6.7 km and 8.5 km and between
9.0 km and 9.2 km, with a temperature range of −21 ◦C to −39 ◦C.
Figure 4.2: Vertical profiles of (a) temperature, (b) relative humidity, measured on the Learjet 35A,
(c) number concentration, and (d) mean diameter, derived by CCP on AIRTOSS, from the flight of 4
September 2013. The bars show the corresponding measurement uncertainties. The gray area shows
the cirrus layer. The picture is taken from Finger et al. [2016].
Particle number concentration and mean diameter are presented in 200m height intervals.
The cirrus layer between 6.7 and 8.5 km shows values for the number concentration of
1.2 x 10−4 cm−3 to 2.1 x 10−3 cm−3 and for the mean diameter of 145.6 and 178.3µm, rep-
resenting an optically thin and vertically well mixed cirrus. The gaps of measured number
concentration and mean diameter are due to measurement sections outside the observed cir-
rus. The second cirrus layer between 9.0 and 9.2 km altitude shows increased values for the
number concentration of up to 7.9 x 10−3 cm−3 and lower values for the mean diameter of
33.5 to 87.4µm. This results in an optically thicker cirrus in comparison to a 200m thick
part of the cirrus layer between 6.7 and 8.5 km altitude.
42 4. MEASUREMENT CASES
4.3 Radiation data
4.3.1 Spectral irradiances
In Fig. 4.3 (a) the time series of downward and upward irradiance measured by AIRTOSS at
a wavelength of 550 nm is illustrated for the entire measurement flight with lowered platform
of about 75 minutes. The gray line indicates F ↓ and the light blue F ↑ with a changing solar
zenith angle from 57◦ to 49◦ during the flight. The altitude of the Learjet (dashed red line
in Fig. 4.3 (b)) and AIRTOSS (solid red line) show the stepwise climbing flight pattern and
the different altitudes of the level legs as well as the vertical distance of about 200m between
both. The gray colored peaks in the time series of the irradiance (Fig. 4.3 a) are due to
flight manoeuver and have to be excluded from further analysis. The measured pitch and
roll angles of the AIRTOSS were used to sort out the data with a threshold of 5◦ resulting
in an error of µ of approximating 9%. The remaining periods are indicated by thickened
line. The variation of the downward irradiance (1.09 – 1.20Wm−2 nm−1) is a result of the
heterogeneous thin cirrus layer above the sensor. The upward irradiance is influenced by the
surface albedo and changing conditions due to underlying clouds; they show values between
0.56 and 0.81Wm−2 nm−1 at 550 nm.
Figure 4.3: (a) Time series of downward (gray) and upward (light blue) irradiance F (Wm−2 nm−1)
measured on AIRTOSS at one wavelength (550 nm) from the flight of 30 August 2013 (taken from
Finger et al. [2016]). The thickened line periods mark the measuring points at straight flight legs.
The red lines in (b) shows the altitude of AIRTOSS (solid) and Learjet (dashed). The vertical dashed
lines mark the period of the measurement example in Fig. 4.4.
Mean values of spectra of upward and downward irradiance from both platforms are shown
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in Fig. 4.4 from the time interval, indicated by the dashed lines in Fig. 4.3, at a solar zenith
angle of about 49◦. The investigated cirrus layer is located between 9.0 and 9.2 km altitude
and can be seen in Fig.4.2 (c) and (d), indicated by the upper gray colored layer. This
measurement example was chosen due to the higher optical thickness, as reported in Section
4.2, and because of the low vertical extent, which enables to measure above (with Learjet)
and below (with Airtoss) this cirrus layer.
The vertical displacement between the two measurement platforms is 195m in the specific
example discussed here. The black solid lines show the irradiance in flight altitude of the
Learjet above the cloud layer, the black dotted lines represent the irradiance measured from
the AIRTOSS at the base of the investigated part of the cirrus layer.
As expected, the downward irradiance below the cirrus (F ↓base) is lower than that from
above the cloud (F ↓top) by 5% due to the attenuation of the solar radiation by reflection
and absorption of cirrus particles. In contrast, the upward irradiances (F ↑top and F
↑
base) are
nearly identical. This is caused by low clouds present below the cirrus in the measurement
area during the selected measurement period. Most contribution to F ↑base is made by the
low water cloud. In comparison to the bright surface the difference due to the cirrus is
not significant. The lower upward irradiance was also measured for an atmosphere without
clouds between the cirrus and the ocean surface (dashed line in Fig. 3.7).
Due to the high flight altitude (about 9.2 km) little water vapor absorption is observed in the
near–infrared absorption bands as indicated by the almost unaffected downward irradiance in
both levels. Therefore, most of the absorption of solar radiation measured in the downward
irradiance below the cirrus originates from the cirrus particles itself. Furthermore, at 760 nm
the absorption peak due to oxygen is obvious as well as absorption bands of ozone around
500 nm to 600 nm.
The upward radiation depends on the albedo of the Earth’s surface and underlying clouds, as
can be seen in enhanced values of upward irradiance. The absorption bands of liquid water
at wavelengths of 1140 nm or 1400 nm are obvious in the spectra, mainly originated from
absorption of the underlying water cloud.
4.3.2 Spectra of layer properties
By measuring the spectral and collocated upward and downward irradiances at two altitudes
the cloud optical layer properties of the cirrus layer are derived according to Eqs. (2.35) –
(2.37).
Fig. 4.4 (b) shows the spectral transmissivity (red), reflectivity (black), absorptivity (green),
and cloud top albedo (gray) in the visible and near infrared wavelength range corresponding
to the case of Fig. 4.4 (a). The error bars result from the Gaussian error propagation, ranging
between 4% (R) and 10–11% (T and A).
As the cirrus is optically thin with τ ≈ 0.02, the transmissivity dominates over the entire
spectral range with values between 0.88 and nearly 1. The reflectivity in Fig. 4.4 (b) shows
very low values of up to 0.03. This is due to the optically and vertically thin cirrus layer
laying above bright water clouds underneath. The effect of the low–level water cloud is
indicated also by the cloud top albedo showing high values of approximately 0.4 to 0.6 in
the depicted wavelength range outside the absorption bands.
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Figure 4.4: (a) The averaged, spectral downward and upward irradiance F from the aircraft above
the cloud layer (solid lines) and AIRTOSS below the cloud layer (dotted lines) at the time period,
indicated by the vertical dashed lines in Fig. 4.3. Panel (b) shows spectral reflectivity (black),
transmissivity (red), absorptivity (green), and cloud top albedo (gray) according to irradiance in (a).
The vertical bars indicate the systematic errors due to measurement uncertainties. The figure is
adapted from Finger et al. [2016].
The transmissivity shows a slightly negative spectral slope, absorptivity a positive trend,
and the reflectivity shows no spectral trend. As the imaginary part of the refractive index
is associated with the absorption coefficient, which increases with increasing wavelength for
wavelengths longer than approximately 1000 nm, the measured absorptivity shows a spectral
trend with a positive slope and values up to 0.12 in the near–infrared range. It points out
the importance of cirrus clouds in this wavelength range.
A time series of the cloud optical layer properties (at 1640 nm) is given in Fig. 4.5, with
(a) transmissivity, (b) absorptivity, and (c) reflectivity, for the cirrus layer between 9.0 and
9.2 km altitude and a horizontal distance of 10.4 km. The cloud top albedo from below the
aircraft (gray triangles), representing the cirrus and low–level cloud is plotted in (d). The
NIR wavelength of 1640 nm is chosen for illustrating the variations of the layer properties
and represents a wavelength out of the water absorption bands.
In Fig. 4.5, the right panels (e)–(h) show the histograms for the respective cirrus properties
in the left representing the variability during this flight part. The layer properties of this thin
cirrus show small variations, thus indicating small spatial heterogeneity of the cirrus optical
layer properties. The transmissivity reveals the smallest variation between 0.890 and 0.925
(4%). Absorptivity and reflectivity range between 0.078–0.098, and 0.001 – 0.008 resulting
in a percentage difference of 21% and 87%, respectively. This is still within the error bars
as shown in the left panels (b) and (c) of Fig. 4.5.
The larger variability of Rtop is explained by the variation of the atmospheric and surface
contribution below the cirrus. As the cirrus layer is optically thin, Rtop from above the cirrus
is strongly affected by the surface albedo and bright underlying water clouds. This results
in significant Rtop variations between 0.35 and 0.39 representing a difference of about 11%.
4.3. RADIATION DATA 45
Figure 4.5: Time series of (a) transmissivity, (b) absorptivity, and (c) reflectivity at 1640 nm for
the cirrus layer between 9.0 and 9.2 km altitude on 30 August 2013, taken from Finger et al. [2016].
The associated cloud top albedo is plotted in (d). The vertical bars represent the errors due to
measurement uncertainties. Panels (e)-(h) show the corresponding histograms.
According to the measurement results in Fig. 4.5, Fig. 4.6 represents the results at a wave-
length of 550 nm in the visible range. Panels (a) – (h) correspond to the previous figure
illustrating a more pronounced variation of the cirrus layer properties with respect to the
absolute values. T varies between 0.985 and 0.955, and R differs from zero to 0.026. The
strongest variability shows A with values of 0–0.039. As expected the optical behavior of the
cirrus layer shows a smaller absorptivity compared to the NIR measurements, as well as an
enhanced reflectivity and cloud top albedo.
Furthermore, it should be noted that at a second of day (SOD) of around 34915, where Rtop
showing the highest values, R reveals a slight minimum. It follows that the increased Rtop
originates from the surface or further cloud layers underneath the cirrus. In Fig. 4.7 (b)
F ↑base is presented and shows effects of the changing radiative properties of the underlying
surface, including the low–level water cloud layer.
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Figure 4.6: Same as Fig. 4.5 but for 550 nm wavelength.
Figure 4.7: Time series of (a) reflectivity (at 550 nm) for the cirrus layer between 9.0 and 9.2 km
altitude on 30 August 2013. The associated upward irradiance from below is plotted in (b).
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The above mentioned behavior around 34915 SOD can also be seen for F ↑base. It seems that
an increased upward radiation from below the cirrus has an effect on the cirrus layer property
R. In both cases, highlighted by the gray dashed lines in Fig. 4.7 (a)–(d), R decreases. An
increasing reflectivity at the top of the cirrus layer can be explained by providing an increased
amount of radiation due to the reflection from below, that is transmitted through the cirrus
in upward direction. In terms of numbers, an increase of 0.02Wm−2 nm−1 from below the
cirrus leads to a decreased reflectivity by about 80%.
Fig. 4.8 represents the cloud situation underneath the investigated cirrus layer showing layers
of low water clouds as well as gaps in the low cloud layer.
Figure 4.8: Photo from the cockpit of the learjet during the measurement flight on 30 August 2013
at an altitude of around 9 km, showing the cloud situation underneath the investigated cirrus layer.
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For comparison Fig. 4.9 (a)–(d) show the respective time series at a wavelength of 1640 nm
representing the NIR range. It is noticeable that at low values of F ↑base the effect on T , A,
and R can be neglected.
In the SWIR wavelength range the less effect is due to multiple scattering in the cirrus layer
as well as absorption in the underlying water cloud layer, represented in fig. 4.10. This results
in a decreased availability of photons, reflected by the water cloud, for further interaction
with the cirrus cloud particles.
Figure 4.9: Time series of (a) transmissivity, (b) absorptivity, and (c) reflectivity (at 1640 nm) for
the cirrus layer between 9.0 and 9.2 km altitude on 30 August 2013. The associated upward irradiance
from below measured on Airtoss is plotted in (d).
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Figure 4.10: Sketch for illustrating the photon interaction with the cloud particles of the cirrus and
the underlying water cloud in dependence of the wavelength range.
Approximating τ the Bouguer–Lambert–Beer’s law,
τapprox,λ = lg
F ↓top,λ
F ↓base,λ
, (4.1)
is used and represented in Fig 4.11 (a) for λ=1640 nm. According to Eq. 2.46 the heating
rate for the investigated cirrus layer is shown in (b).
Figure 4.11: Time series of (a) τ and (b) HR at λ=1640 nm for the cirrus layer between 9.0 and
9.2 km altitude on 30 August 2013.
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The optical thickness varies between 0.036 and 0.047, representing a thin cirrus with τCi
shortly above subvisible cirrus. According to that, the HR shows small values around
0.00005Kh−1.
4.4 Open questions
According to these measurements, the variation of the cloud layer properties is not only
caused by changes of the optical and microphysical properties of the cirrus. In fact, clouds
and changing surface albedo have a noticeable effect. Therefore, in Chapter 5 radiative
transfer simulations will be applied to investigate the following questions:
1. What is the magnitude of the impact of underlying clouds on the optical properties?
2. In case of an underlying cloud, what is the effect of cirrus properties like ice crystal
shape and optical thickness on the cirrus layer properties?
3. Assuming constant cirrus properties, what is the effect of cloud optical thickness and
cloud height of the underlying liquid water cloud on the cirrus layer properties?
4. For which cirrus properties the effect of an underlying cloud can be neglected?
The measurements are restricted due to the weather conditions during the measurement
campaigns and the fixed vertical separation between aircraft and towed platform AIRTOSS.
With the microphysical measurements of the Cloud Imaging Probe (CIPgs), information
about the cloud particle number N and size reff can be obtained. However, the ice crystal
shape cannot be derived from the CIPgs measurements.
Due to the restricted data set, radiative transfer simulations are performed to vary the
individual parameters, such as number, particle size, ice crystal shape, cloud height, vertical
extent, atmospheric conditions, and surface albedo.
5 Simulations
Sensitivity studies are performed to investigate the impact of different cloud parameters such
as particle shape and cloud optical thickness on the cirrus optical layer properties as well as
the radiative forcing, sensitivity studies are performed. Section 5.1 introduces the radiative
transfer model and the input for the simulated cases. In the following it is distinguished
between single layer cirrus cases (Sec. 5.2) and cases with an additional low–level liquid
water cloud below the cirrus (Sec. 5.3). Finally, a case with two cirrus layers and the low–
level liquid water cloud according to the measurement case of 30 August 2013, presented in
Chapter 4, is investigated.
The corresponding upward and downward irradiance at the top and the base of the cirrus are
obtained to derive the optical layer properties reflectivity, absorptivity, and transmissivity
(according to Eq. (2.35) – (2.37)), the cloud top albedo and the radiative forcing at the top
of the atmosphere (Eq. (2.39) – (2.42)), as well as the heating rate over the vertical profile
(Eq. (2.46)).
5.1 Model introduction
5.1.1 Model Overview
The simulations are performed with the radiative transfer model package libRadtran
[Mayer and Kylling, 2005] including the DISORT (DIScrete ORdinate Radiative Transfer)
code by Stamnes et al. [2000] for one–dimensional (1D) simulations. The observed cirrus
layer is represented by varying cloud properties such as ice crystal shape and cloud optical
thickness.
An important parameter of the cirrus properties is the ice crystal shape. Fig. 5.1 shows
the different crystal shapes that are investigated, introduced by Yang et al. [2013]. The
implemented ice crystal shapes are droxtal, plate, solid column, plate 10 elements, column 8
elements, hollow bullet rosette. The multicomponent ice crystals, such as column 8 elements,
are aggregates consisting of their respective number of crystals. In contrast to the single
shapes a mixture represents are more realistic cirrus. According to Baum et al. [2005b] it
consists of 30% plates (10 elements), 30% hollow bullet rosettes, 20% plates, and 20%
hollow columns.
The respective single scattering properties are self mixed as follows. The single values of the
legendre polynoms, as well as the extinction coefficient and the single scattering albedo, of
the four mentioned ice crystal shapes are weighted according to their given percentages, and
merged afterwards. The ice crystal roughness is set to smooth. Baum et al. [2010] explained
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that an increasing surface roughness smooths out maxima in the scattering phase function.
Thus, an attenuated shape effect would be investigated.
Figure 5.1: Schematic sketches of the various ice crystal shapes according the used particle shapes in
this chapter. The multicomponent ice crystals (Column 8 Elements and Plate 10 Elements) are aggre-
gates consisting of their respective number of crystals. The parameterization is according Key et al.
[2002].
The scattering phase function gives the angular distribution of the radiation intensity scat-
tered by a cloud particle at a respective wavelength. As it varies with the ice crystal shape
the different phase functions are represented in Fig. 5.2 showing a strong forward peak and
deviating scattering behaviors towards increasing scattering angles.
Figure 5.2: Phase function pλ for λ=500 nm of the six various ice crystal shapes applied in this
chapter, assuming a particle dimension of 40µm. pλ are adapted from the database of single scattering
properties, introduced by Yang et al. [2005].
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For investigations of the irradiance the phase function is integrated over the hemisphere.
Thus, the spectral phase function pλ is more interesting for investigating radiances.
The spectral extinction coefficient Cext,λ for the six applied ice crystal shapes is shown in
Fig. 5.3 in dependence of the particle dimension (in µm), at λ=500 nm. The curves show
an asymptotic behaviour with increasing particle size with the strongest extinction assuming
droxtals and solid columns. Aggregates of plates shows the lowest value for Cext,λ, resulting
in the least extinction.
Figure 5.3: Extinction coefficient Cext,λ of the six various ice crystal shapes applied in this chapter,
at λ=500 nm. Cext,λ are adapted from the database of single scattering properties, introduced by
Yang et al. [2005].
The ice crystal shape droxtal, approximating spheres, is used as the reference shape for
further investigations. Droxtals reveal the lowest surface area in relation to the particle
dimension and volume, which results in the lowest single scattering albedo and thus, in the
highest absorption. The spectral single scattering albedo of the various ice crystal shapes is
shown in Fig. 5.4, respectively.
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Figure 5.4: Spectral single scattering albedo ωλ of the six various ice crystal shapes applied in
this chapter, assuming a particle dimension of 40µm. ωλ are adapted from the database of single
scattering properties, introduced by Yang et al. [2005].
The spectral asymmetry parameter gλ is defined by the average cosine of the scattering
angle θ, weighted by the intensity of the scattered radiation. A gλ=1 describes a completely
forward scattering process, whereas -1 reveals the backward scattering. Assuming a value
of zero would mean an isotropic scattering. The asymmetry factor generally increases with
particle size, see Fig. 5.5, and decreases with wavelength.
Figure 5.5: Asymmetry parameter gλ of the six ice crystal shapes assuming particle dimensions
from 10 to 100µm for λ=500 nm. g are adapted from the database of single scattering properties,
introduced by Yang et al. [2005].
The needed volumetric extinction coefficient ⟨bext,λ⟩, single–scattering albedo ⟨ωλ⟩, and phase
function ⟨pλ⟩ are derived by combining calculated tables of single scattering properties by
Yang et al. [2005] using in situ data of the number size distribution dN / dD (in cm−3) from
the CCP installed on AIRTOSS (shown in the sketch in Fig. 5.6). The single scattering
properties for individual particles (extinction coefficient Cext,λ, scattering coefficient Csca,λ,
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single–scattering albedo ωλ, and phase function pλ) with different particle radii are weighted
with the number size distribution. The resulting spectral volumetric properties are used as
input parameters for the radiative transfer simulations.
Figure 5.6: Sketch of the procedure. From the single–scattering properties to the irradiance output
of the 1D radiative transfer model libRadtran.
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The spectral volumetric extinction coefficient is obtained by:
⟨bext,λ⟩ =
∫
Cext,λ · dN
dD
· dD. (5.1)
The boundaries of integration are defined by the size diameter range of the CCP. A similar
algorithm is used to derive the spectral volumetric single–scattering albedo ⟨ωλ⟩ by calcu-
lating:
⟨ωλ⟩ =
∫
ωλ · Cext,λ · dNdD · dD
⟨bext,λ⟩ . (5.2)
Furthermore, the volumetric phase function ⟨pλ⟩ is obtained by:
⟨pλ⟩ =
∫
pλ · Csca,λ · dNdD · dD∫
Csca,λ · dNdD · dD
. (5.3)
As the Legendre coefficients Lcoeff,λ are included into the RT simulations representing pλ,
the volumetric coefficients are derived by:
⟨Lcoeff,λ⟩ =
∫
Lcoeff,λ · Csca,λ · dNdD · dD∫
Csca,λ · dNdD · dD
. (5.4)
The volumetric properties serve as input for the 1D simulations computing the spectral
upward and downward irradiance (in units of Wm−2 nm−1) at the top and the bottom of
the cirrus layer and at the top of atmosphere. Additionally, the heating rates are calculated
for the cirrus layer out of the simulated irradiances.
5.1.2 RTE Model input
According to the cloud optical properties, introduced in Section 5.1.1, the specified charac-
teristics have to be converted to input parameters for the RT calculations in libRadtran.
This includes the optical properties assuming changing cloud and atmospheric conditions,
such as number, vertical position, and physical state of the cloud layers, as well as the ice
crystal shape and cloud particle size. In the following, the general input file including the
libRadtran commands for the radiative transfer simulations is shown.
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Input File :
atmosphere_file atm_130830.dat
source solar kurudz_1.0nm.dat per_nm
wavelength 300.0 2300.0
time 2013 08 30 09 45 00
latitude N 54.705
longitude E 7.08
albedo_file water_300-2300.dat
aerosol_default
mol_abs_param sbdart
rte_solver disort
disort_intcor moments
ic_file moments IC_FILES.txt
wc_file moments WC_FILES_IC.txt
zout 6.7
output_user lambda eup zout sza edir edn
quiet
The input file starts with the atmosphere_file defining the atmospheric conditions with ver-
tical profiles of T, p, air density,and water vapor with a vertical resolution of 200m near the
surface to 5 km in the upper atmosphere. Therefore, a radiosonde sounding from Schleswig
(North Germany, 54.52◦N, 9.56◦E) of 30 August 2013 , a station nearby the measurement
area, was implemented. The extraterrestrial spectrum defines the energetic starting point for
the different approaches and is given by source solar. The data were taken from Kurucz
[1992]. wavelength specifies the spectral range for the visible and near–infrared wavelength
range from 300 to 2300 nm.
As the solar zenith angle is crucial for radiative transfer calculations, date, time, and geo-
graphical location have to be considered. time sets the date to 30 August 2013, 9:45:00 in
the morning. latitude and longitude determine the geographical coordinates of 54.705◦N
and 7.08◦E according to the measurement case of section 4.1. The resulting solar zenith
angle is 49.4◦.
The implemented surface albedo (albedo_file) corresponds to water surface according
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Bowker et al. [1985], simulating the North Sea in the radiation measurements. aerosol_default
defines the atmospheric aerosol properties applying the model by [Shettle, 1989]. It includes
a rural type aerosol in the boundary layer, a background aerosol above two kilometer under
spring–summer conditions, resulting in a visibility of 50 km. The command mol_abs_param
sbdart is for the pseudo–spectral calculation with exponential–sum–fit.
The used RT model is from the LOWTRAN (LOW resolution TRANsmission) model, code
adopted from SBDART Ricchiazzi et al. [1998], that relies on low–resolution band models
and includes a parameterization for molecular absorption. The radiative transfer equation
solver is defined by using rte_solver disort [Stamnes, 2004]. The intensity correction
method, disort_intcor moments, is used according [Nakajima and Tanaka, 1988]. In case
of Legendre polynomials are used, (moments) is added.
With ic_file moments the input file is included, defining the ice cloud properties of the
cirrus layers. The input file consists of the wavelength in nm, the extinction coefficient of
the cloud layer in units of km−1, the single scattering albedo, and the moments, or Legen-
dre coefficients, of the cirrus scattering phase function. Determining the water cloud optical
properties wc_file moments includes the respective input file comprising the same file struc-
ture as for the cirrus case. zout gives the altitude in kilometers of the calculated output
values.
The output_user command gives the output parameters that are written in an output file.
For these calculations the wavelength in nanometers (lambda) are outputted in the first col-
umn. It follows the diffuse upward irradiance (in W m−2 nm−1, eup), the output altitude in
kilometer (zout), the solar zenith angle (sza), the direct part of the irradiance (edir), and
in the last column the diffuse part of the irradiance (edn) in W m−2 nm−1. quiet at the
end of the input script turns off informative messages.
For implementing the volumetric scattering properties into the RTE model, the following
input files are used:
9.20 NULL.LAYER
9.00 ICE_VolumetricScatteringProperties_LegendreCoeff_ShapeMix_Tau1.dat
8.50 NULL.LAYER
6.70 ICE_VolumetricScatteringProperties_LegendreCoeff_ShapeMix_Tau1.dat
0.00 NULL.LAYER
1.25 NULL.LAYER
1.00 WATER_VolumetricScatteringProperties_LegendreCoeff_Tau20.dat
0.00 NULL.LAYER
The input files, including the optical properties of the cirrus and the water cloud, consists
the altitude of the lower layer level in kilometers in the first column. In the second column
the filename of the cirrus or water cloud file, representing the optical information of the cloud
layer, is written. The respective cloud file consists of the wavelength, the optical thickness of
the layer in km−1, the single scattering albedo, and the phase function moments (legendre
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polynomials) for the different shapes, respectively. According to precision and calculation
time of the series expansion of the phase function 1024 legendre polynomials are used. In
case of a cloudless atmospheric layer NULL.LAYER is used, with τ of zero.
According to the radiation and micro-
physical measurements of the investigated
measuring flight, see Sec. 4.1, the fur-
ther simulations are based on these find-
ings. The atmosphere is divided into
three cloud layers, two ice cloud layers
(6.7 – 8.5 km and 9 – 9.2 km) and one wa-
ter cloud below (1 – 1.25 km), shown in
Fig. 5.7.
To derive the several layer properties and
effects of the interacting clouds, the cloud
layers can be studied separately or in com-
bination.
Figure 5.7: Sketch of the vertical distribu-
tion of the cloud layers (cirrus and liquid wa-
ter cloud) according to the measurement case
of Sec. 4.1.
5.2 Single Cirrus Layer
In the following RT simulations with a single cirrus layer with variable properties such as
shape, cloud optical thickness, effective radius and number size distribution are presented.
One cirrus layer is set between 6.7 km and 8.5 km and a second one from 9 km to 9.2 km
altitude, taking into account the conditions of the measurement flight on 30 August 2013.
For some flight sections the two cirrus cloud layers were lying above each other. These
measurements of the cloud optical layer properties R, T , A and the cloud top albedo Rtop
of the upper cirrus layer were already represented in section 4.1.
Section 5.2.1 starts with a comparison between a simulated cirrus layer with the measured
cirrus layer from 30 August 2013 between 9 km and 9.2 km. Sensitivity studies regarding
the measured NSDs during the AIRTOSS campaign (Sec. 5.2.2) and τCi (Sec. 5.2.3) follow.
Section 5.2.4 presents sensitivity studies of the shape effect under four different approaches
with constant parameters of number size distribution, ice water content, optical thickness,
and effective radius.
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5.2.1 Comparison with measured cirrus layer from 30.08.2013
In a first step, the measured cloud optical
layer properties R, T , A, and cloud
top albedo Rtop from section 5.2 are
compared with the simulated quantities.
Therefore, Fig. 5.10a–e show simulations
of a cirrus layer between 9.0 and 9.2 km
altitude, see Fig. 5.8, with an optical
thickness of 0.2 (black lines) and 0.8
(gray lines).
Platt and Stephens [1980] and
Sassen and Benson [2001] reported
typical values for cirrus optical thickness
of τCi=0.5 – 3.5 and τCi=0.03 – 1.66,
respectively. According to that, the
assumed cirrus optical thicknesses are
based on typical values, as well as on the
order of the measured layer properties.
The simulated cirrus layer represents the
upper cirrus layer from the cirrus case of
the 30 August 2013, that was investigated
during the AIRTOSS campaign.
Figure 5.8: Same as Fig. 5.7. The investi-
gated cloud layer in Sec. 5.2.1 is the upper
cirrus layer, which is highlighted in red.
The input for the simulations includes a measured number size distribution, shown in Fig. 5.9,
which was measured during the AIRTOSS campaign and represents a typical cirrus.
Figure 5.9: Number size distribution of a cirrus cloud, measured during the AIRTOSS campaign
by the Cloud Combination Probe at the AIRcraft TOwed Sensor Shuttle (taken from Finger et al.
[2016]).
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The composition of ice crystal shapes is according to the mixture of shapes as introduced in
section 5.1.1.
Figure 5.10: The lines show simulated, spectral (a) transmissivity, (b) reflectivity, and (c) absorp-
tivity of a cirrus layer between 9 and 9.2 km altitude. Panel (d) shows the cloud top albedo and (e)
the radiative forcing at TOA, respectively. The simulations are based on a measured number size dis-
tribution assuming the mixture of shapes according Baum et al. [2005b]. Inserted is the measurement
case (diamonds) from Fig. 4.4. The figure is taken from Finger et al. [2016].
As expected, an increasing optical thickness leads to a decreased transmissivity T and in-
creased reflectivity R, absorptivity A, and cloud top albedo Rtop. The spectral trend shows
pronounced effects for T and A in the near–infrared wavelength range excluding the ranges of
the water vapor absorption bands. This is due to the decreasing single scattering albedo (see
Fig. 5.4) in the NIR range, which leads to an increasing absorption. The resulting percent-
age differences are 10% (0.87–0.96) for T and a factor of 2.7 (0.03–0.08) for A, respectively,
between the optically thinner and thicker simulated cloud layer. In the spectral range below
1400 nm A is around zero, because of a single scattering albedo of one, indicating that the
extinction results solely by scattering processes.
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The absorptivity varies in the range of the ice particle absorption and causes a difference by
up to a factor of 4, similarly the cloud top albedo shows a difference of a factor of 4 (0.056–
0.014) in the wavelength range of water vapor absorption. R reveals the similar absolute
values and resulting percentage differences in the addressed wavelength range as well as in
the complete wavelength range, which was investigated here.
According to the changes in the layer properties, the radiative forcing varies by a factor
of 4 between those cases while the absolute differences are small, with −0.012Wm−2 nm−1
assuming τ =0.2 and −0.048Wm−2 nm−1 for τ =0.8 (at 500 nm). The spectral trend of RF
reflects the solar intensity spectrum with the maximum cooling effect at around 500 nm.
Comparing the measured (diamonds) and simulated (lines, in Fig. 5.10) spectral cloud opti-
cal layer properties, shows for T accordance to the case of τ =0.8, whereas R of the optically
thinner cirrus case fits more to the measurements. The comparison reveals obvious discrep-
ancies due to different variable input parameters such as optical thickness, ice crystal shape,
and properties of the underlying surface. As these simulations include the single–layer cloud,
the second cirrus layer and an additional low–level cloud has to be considered as well.
5.2.2 Sensitivity on number size distributions
As a cirrus cloud of 200m vertical extent is not typical (1–3 km, see Platt et al. [1987] and
Sassen and Benson [2001]), for further sensitivity studies a cirrus between 6.7 km and 8.5 km
altitude is assumed, according to the measurement case of 30 August 2013 (see Fig. 4.2),
shown in Fig. 5.11.
Measurements during the AIRTOSS campaign provide microphysical information about the
investigated cirrus, such as number and size of the cloud particles. In this section the
microphysics of a measured cirrus are implemented into the simulations, while keeping further
parameters constant, such as shape and atmospheric conditions. The resulting cirrus optical
properties show the effect of the several NSDs. Therefore, six parts of one measurement flight
(04 September 2013) are separated into number size distributions (see Fig. 5.12), respectively,
and included into the RT simulations afterwards.
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Fig. 5.13 represents the measured number
size distributions from different flight sec-
tions within a 100 s measuring time inter-
val. For this study the volumetric optical
properties are calculated assuming a mix-
ture of shapes according to Baum et al.
[2005b]. The red line, representing case
(1), serves as the reference case.
The microphysical investigations were
performed under the influence of a high
pressure system above Western and Cen-
tral Europe with a cirrus band over the
target area near Ru¨gen. This measure-
ment case was chosen because of de-
tailed and complete microphysical mea-
surements.
Figure 5.11: Same as Fig. 5.7. The investi-
gated cloud layer in Sec. 5.2.2 is the middle
cirrus layer, which is highlighted in red.
In Fig. 5.12 the six number size distributions are shown, which serve as input for the simu-
lations. Each distribution is composed by measurements of the Cloud Droplet Probe (CDP,
black bars) and Cloud Imaging Probe (CIPgs, blue bars), operated by the Max Planck In-
stitute for Chemistry Mainz and University of Mainz. The number size distributions show
a bell–shaped curve with its maximum at around 100µm. According to the cloud micro-
physical properties the shape and extent of the distribution differs. As the number size
distribution defines the optical thickness of the cloud influencing the optical layer properties,
the resulting optical thicknesses are between 0.07 and 1.39 for effective radii reff between 16
and 44 µm.
For instance, the NSDs of Section 4 and 5 show smaller distributions in relation to the other
sections, leading to the lowest values of τ , assuming a constant shape approach. Whereas,
the distributions of section 1 and 3 are broader with higher maximum values around 100µm.
which leads to higher optical thicknesses.
The effect of the measured number size distributions on the cloud optical layer properties
is shown in Fig. 5.13 at the two wavelengths 550 nm and 1640 nm. The two wavelengths are
chosen to represent the visible wavelength range (550 nm), where the downward and upward
irradiance show maximum values. 1640 nm represents the near–infrared wavelength range
outside the water vapor absorption bands.
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Figure 5.12: Measured number size distributions from different flight legs representing different
cloud parts of the investigated cirrus. The distributions are averaged over the given time sections.
The red dots serve as the reference case. Assuming the NSDs from Section 1–6 results
in the highest transmissivity and lowest reflectivity for the case with the lowest optical
thickness causing differences of 8% (550 nm) and 12% (1640 nm), and up to a factor of 8,
respectively, to the reference case with τ = 1.39. For the absorptivity in the VIS the number
size distribution causes no differences in contrast to the NIR with different values of up to a
factor of 20 in the cloud particle absorption bands between the optically thinnest and thickest
cirrus case.
According to the changes in the layer properties, especially in the reflectivity in the VIS, the
radiative forcing varies most between those cases while the absolute differences are small,
varying between -0.076 and -0.003Wm−2 nm−1 (at 550 nm).
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Figure 5.13: Spectral (a) transmissivity, (b) reflectivity, (c) absorptivity, and (d) cirrus radiative
forcing at TOA at 550 nm and 1640 nm. The cirrus is in the altitude range of 6.7 – 8.5 km. Included
are the different number size distributions, shown in Fig. 5.12 (a)–(f).
5.2.3 Sensitivity on cirrus optical thickness
Since the different size distributions result in variable effective radius and optical thickness for
each of the six cases, the influence of the individual parameter (reff, τ) cannot be quantified,
separately. Therefore, to investigate the effect of τ the effective radius is set constant and the
optical thickness is varied between a factor of 0.5 to 4 to the reference case from Fig. 5.13.
The resulting τCi=0.5–4 relate to the typical values, reported by Platt and Stephens [1980].
In Fig. 5.14 (a)–(d) the resulting layer properties and radiative forcing are presented.
As expected, the higher τCi of the cirrus is, the lower is the value for T , higher for R, A,
and Rtop and the stronger is the radiative cooling. A doubling of the optical thickness leads
to a percentage difference for T of 10% in VIS and up to 25% in NIR in the range of the
absorption bands. For the absorptivity a difference of about 50% in the NIR is found. R
differs by 50% in the complete range leading to the same difference for the radiative forcing
(VIS).
Furthermore, between τCi and the four quantities exist a nearly linear dependence. For
example, a doubling of τ from 1 to 2 leads to a doubling of RF from –0.1Wm−2 nm−1 to
–0.2Wm−2 nm−1.
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Figure 5.14: Same as Fig. 5.13 with multiples of the cirrus optical thickness τCi.
5.2.4 Sensitivity on ice crystal shape
Regarding sensitivity studies about the ice crystal shape, three approaches are investigated,
shown in Fig. 5.15: (I) the number size distribution is constant (panels (a)–(d)), (II) the ice
water content is constant (panels (e)–(h)), and (III) the cirrus optical thickness ist constant
(panels (i)–(l)).
Table 5.1 obtains the respective values for the cirrus optical thickness τ and effective radii
bext for the three approaches. τ is adopted from the input files of the RT simulations, whereas
reff is calculated according to Eq. 2.28.
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Table 5.1: Optical thicknesses at λ = 500 nm and effective radii (µm) for a cirrus between 6.7 and
8.5 km altitude assuming different ice crystal shapes for approach I (constant number size distribu-
tion), approach II (constant ice water content), and approach III (optical thickness is constant).
Approach I Approach II Approach III
τ reff τ reff τ reff
Droxtal 1.49 73.8 2.68 76.5 1.00 73.8
Solid column 1.50 48.6 3.20 56.1 1.00 48.6
Column 8 elements 0.77 26.3 7.45 27.3 1.00 26.3
Plate 1.15 25.9 4.44 28.7 1.00 25.9
Plate 10 elements 0.54 11.4 15.4 11.9 1.00 11.4
Hollow bullet rosette 0.97 15.3 9.52 17.2 1.00 15.3
Baum 1.00 21.3 5.09 23.8 1.00 21.3
Approach I: Number size distribution = const.
To investigate the effect of different ice crystal shapes (see Fig. 5.15), a fixed number size
distribution is combined with different shape assumptions. The implemented number size
distribution (Fig. 5.9) and the assumption of a mixture of shapes, described by Baum et al.
[2005b], results in a cirrus optical thickness of 1, representing a typical cirrus cloud, see
Sassen and Benson [2001] (τCi=0.03–1.66) and Platt and Stephens [1980] (τCi=0.5–3.5).
The number size distribution from Fig. 5.9 is combined with the following ice crystal shapes:
solid column, column 8 elements, plate, plate 10 elements, solid bullet rosette, droxtal, and a
mixture of 30% plates (10 elements), 30% hollow bullet rosettes, 20% plates, and 20% hollow
columns, according to Baum et al. [2005b]. The multicomponent ice crystals, such as column
8 elements, are aggregates of their respective number of crystals. The different crystal shapes
are introduced by Yang et al. [2013]. The ice crystal roughness is set to smooth, according
to Baum et al. [2010]. An increased surface roughness smooths out maxima in the scattering
phase function. Thus, an attenuated shape effect would be investigated.
Figure 5.15 shows the simulated spectral optical layer properties transmissivity T (a, e, i),
reflectivity R (b, f, j), and absorptivity A (c, g, k) for the mentioned ice crystal shapes.
Additionally, the simulated radiative forcing RFtoa (see Eq. 2.42) in (e, h, l) is presented.
As reference case the shape droxtal (red line) is used approximating spherical particles.
Table 5.1, column two, shows the resulting optical thicknesses and effective radii assuming
different shapes for the discussed approach.
The results for approach I show, that varying ice crystal shape causes differences that are
spectrally dependent, especially for absorptivity in the near infrared wavelength range be-
tween 1450 and 1800 nm, and 1900 and 2200 nm, where the imaginary part of the refractive
index of ice reveals a maximum. This corresponds to an increased absorption coefficient and,
therefore, a pronounced shape effect in this wavelength range. A similar spectral trend of
the shape effect shows the transmissivity.
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The percentage difference of transmissivity between the varying shapes and the reference
case (droxtals, 0.57 at 2000 nm) ranges between 2% and 48%. The lowest differences show
solid columns (0.56) and plates, whereas the mixture according to Baum et al. [2005b] and
plates (10 elements) show highest values (0.84). The shape variability is more pronounced
for reflectivity and absorptivity with differences of up to a factor of 3 (0.023–0.078) and a
factor of 2 (0.04–0.29) for plates (10 elements), respectively.
As the optical thickness varies for the several cases assuming different ice crystal shapes, the
values of R, T , and A relate to the findings represented in Fig. 5.14 (a)–(c). An increasing
τCi leads to a decreased T and an increased R and A.
In relation to the highest values of reflectivity the corresponding radiative forcing for solid
columns and droxtals are strongest with −0.20 and −0.18Wm−2 nm−1 (at 500 nm), and for
plates (10 elements) and the mixture according to Baum et al. [2005b] lowest with −0.05
and −0.06Wm−2 nm−1 (500 nm), respectively. It results in a pronounced cooling effect for
droxtals and solid columns, according to the highest values of optical thickness (see Table 5.1),
according to the trend in Fig. 5.14 (d). This leads to a difference in the radiative forcing of
a factor of up to 4 assuming different shapes.
Fig. 5.16 (gray dots) represents the shape effect under the assumption of approach I by
showing spectral integrated radiative forcing (wavelength range: 300–2300 nm). That means,
the respective cirrus layer causes a cooling effect together for the visible and the near in-
frared wavelength range. As expected the integrated values follow the spectral radiative
forcing in their intensity. Assuming solid columns causes a cirrus solar radiative forcing
of −118.4Wm−2, representing the strongest cooling effect. Whereas, assuming plates (10
elements) results in the weakest cooling effect with −30.8Wm−2 with a resulting absolute
difference of about 87Wm−2 between both.
To investigate the effect of the cirrus on the atmosphere’s energy budget in detail, the heating
rate HR is presented in Fig. 5.18 (a) and (b). Shown is the vertical profile of HR (in Kd−1)
integrated over the visible and near infrared wavelength range (300–2300 nm). The vertical
extent of the profile covers the troposphere including the cirrus layer between 6.7 and 8.5 km,
indicated by the gray layer in Fig. 5.18. The trend of HR from 6.7 km to 8.5 km represents
the intensity distribution of the radiative effect of the cirrus. The positive HR values outside
the cirrus layer, originate from the water vapor absorption in the atmosphere. The vertical,
atmospheric water vapor profile is derived from a radio sounding from Schleswig, North
Germany, nearby the measurement area in the North Sea.
Shown are the heating rates assuming (a) plates and (b) droxtals with a constant number
size distribution (approach I, solid lines) with maximum values of 0.24Kd−1 and 0.31Kd−1.
The strongest heating effect occurs in the middle of the cirrus layer, at about 7.6 km, which
can be seen in both cases. As expected, the lowest HR values can be found at the bottom
of the cirrus layer, because the incoming solar radiation is getting weaker with decreasing
altitude and depth of penetration into the cirrus.
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The shape effect for approach I is characterized by the dependence of the optical properties
to the effective area and volume of the ice cloud particles for the respective ice crystal shapes.
As the number of ice crystals according to their particle size is constant, the resulting volume
varies. In combination with the radiative relevant particle area, it defines the resulting optical
layer properties, and thus, the optical thickness of the cirrus.
Figure 5.16: (a) shows RF int (300 – 2300 nm) at TOA of the cirrus layer between 6.7 and 8.5 km
altitude. The simulations are based on a measured number size distribution assuming different ice
particle shapes. The gray dots in (a) indicate approach I (constant NSD), the red diamonds stand
for approach II (constant IWC), the black present approach III (constant τ). (b) and (c) show the
absolute differences between approach II and III with respect to approach I.
Approach II: IWC = const.
While the number size distribution, as well as the resulting effective radius, is derived from in
situ measurements, assuming a constant IWC for a cirrus layer under constant atmospheric
conditions is a more physical approach. The ice water content is kept constant while the
number size distribution is adjusted assuming the various ice crystal shapes.
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As the optical thickness is determined by the extinction cross section of the complete cloud
layer, the cirrus optical properties depend on the number size distribution and the individual
cross section for the particular shape. Assuming a constant IWC (approach II) for varying
ice crystal shapes means keeping the total volume of the cirrus cloud particles constant. It
causes a shift in the number size distribution and a change of reff associated with different
extinction cross sections and therefore different cloud optical thickness.
Table 5.2: Spectral integrated radiative forcings (300–2300 nm) of a cirrus between 6.7 and 8.5 km
altitude assuming different ice crystal shapes for approach I (constant number size distribution),
approach II (constant ice water content), and approach III (optical thickness is constant).
Approach I Approach II Approach III
RF int (Wm
−2) RF int (Wm
−2) RF int (Wm
−2)
Droxtal −106.9 −171.8 −74.2
Solid column −118.4 −210.1 −82.9
Column 8 elements −77.8 −366.1 −96.1
Plate −67.0 −201.9 −58.9
Plate 10 elements −30.8 −391.1 −58.4
Hollow bullet rosette −73.4 −360.7 −74.0
Baum −36.9 −343.9 −36.9
Table 5.1, Approach II, shows the corresponding optical thicknesses and effective radii. The
dimensional properties of droxtals are closest to spherical particles representing the shape
with the smallest relation between particle surface and volume. Adjusting the number size
distribution to keep the total volume constant leads to smaller effective radii for ice crystal
shapes with less volume relative to the extinction cross section. The relation between τ
and reff of the remaining ice crystal shapes follows the relation between surface and volume
as the optical thickness depends on cloud particle surface. According to equation 2.30 and
assuming a constant IWC, an enhanced optical thickness is the result.
The reference value assuming spherical cloud particles of the IWC is 0.395 gm−3. As Fig. 5.15
(approach II) reveals, this leads to the largest variabilities between the reference shape of
droxtals (red), approximating spheres, and crystal shapes with a larger surface area, such
as aggregates of shapes or rosettes. For transmissivity (0.16–0.40, at 2000 nm) and absorp-
tivity (0.38–0.44) the resulting differences are smaller than 60%. The largest differences are
obtained for the reflectivity (0.10–0.40, factor of 4) as well as for radiative forcing (−0.25 to
−0.52Wm−2 nm−1, at 550 nm) by a factor of 2, due to the link between the total surface area
of a cloud and its capability of reflection. This can be seen in the inverse relation between τ
and reff in Table 5.1, as well. Small cloud particles in combination with a high cirrus optical
thickness results in a high reflectivity of the cirrus layer.
In comparison with approach I the second scenario II shows significantly larger variabilities
assuming different shapes for the cloud optical layer properties and radiative forcing. Ac-
cording to the discussed cirrus cases above, Fig. 5.16 (red diamonds in upper panel) reveals
the changing integrated radiative forcing (300 – 2300 nm) with changing crystal shapes as-
suming a constant cloud particle volume. As expected assuming droxtals, approximating
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spheres, shows smallest differences to approach I, using the former number size distribution,
with a cooling effect of −171.8Wm−2. This is due to the similar relation of cross section
and volume between droxtals and spheres. Solid columns and plates show small differences,
too. However, aggregates of columns and plates reveal the strongest cooling effect with up
to −391.1Wm−2 and the largest relative differences to approach I as a result of the largest
geometrical discrepancy to spherical cloud particles.
The respective heating rates are presented in Fig. 5.18 a and b (dashed lines). As well as
for approach I the HR in the altitude range of the cirrus layer (gray layer) shows increased
values, but with the maximum at the upper limit of the cirrus layer. This can be explained
by the increased reflectivity at the top of the cirrus.
The shape effect of approach II is characterized by the cloud particle volume as a function
of the particle size. Keeping the IWC constant leads to a decreasing reff and thus, to an
increased τCi. This means, that the ice crystal shape with the highest particle area according
to its volume results in the strongest cooling effect.
Figure 5.17: Heating rates HR of a cirrus layer between 6.7 and 8.5 km altitude assuming approach
I–III. The two panels indicate two shape conditions: (a) plate and (b) droxtal.
Approach III: τ = const.
As the cirrus optical thickness affects the optical layer properties and the cirrus radiative
forcing most, a constant optical thickness is assumed to investigate the shape effect. The
results for T , R, A, and RF are shown in Fig. 5.15 (i)–(l).
In the third column of table 5.1 the optical thicknesses τ and effective radii reff are shown,
assuming the different shapes for the discussed approach. As already mentioned, τ is con-
stant and 1 at 500 nm, representing a typical cirrus. The vertical extension of the layer is
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1.8 km, such as the measured cirrus from 30 August 2013.
As the optical thickness is constant, the influence of reff can be seen in the absorptivity of
the various shapes. The cirrus assuming droxtals and solid columns, representing the highest
effective radii, show the highest values for A in the SWIR, whereas aggregates of plates with
a reff of only 11.4µm leads to the least absorptivity.
In the visible wavelength range, where the single scattering albedo is unity and no particle
absorption occurs, reff has no influence on the optical properties. Assuming a constant τCi,
this approach shows the effect due to the asymmetry parameter gλ of the different ice crystal
shapes. gλ describes the scattering behaviour of the ice cloud particles concerning a forward
(gλ=1), backward (gλ=-1), or isotropic (gλ=0) scattering.
According to Fig. 5.5, assuming a particle size of 30µm gλ reveals values between 0.75 (aggre-
gates of columns) and 0.88 (aggregates of plates). A gλ of 0.75 for aggregates of columns leads
to the strongest backward scattering compared to the other shape approaches, which results
in the highest reflectivity R and lowest transmissivity T of this cirrus case. In accordance to
the highest R, the cirrus layer, assuming aggregates of columns, reveals the strongest cooling
effect with the lowest RF . Furthermore, with increasing gλ of the respective ice crystal shape
approaches RF increases, resulting in a less cooling effect assuming plates and aggregates of
plates.
The integrated values of RF over the wavelength range from 300 to 2300 nm are presented in
Fig. 5.16 (a) by the black squares. The values for RF int vary between −36.9Wm−2 (mixture
according Baum et al. [2005b]) and −96.1Wm−2 (aggregates of columns, 10 elements). The
absolute difference between both is 59Wm−2 and significantly lower than the respective
difference assuming a constant number size distribution (87Wm−2). The less variation
assuming the different shapes are due to a less effect by the asymmetry parameter g compared
to the cirrus optical thickness
The vertical profiles of the heating rates (Fig. 5.18 (approach III)) confirm this fact, as they
show less difference to approach I compared to the curves of approach II.
To conclude, the shape effect of approach III with a constant τCi is characterized by the in-
fluence of the asymmetry parameter gλ, describing the strength of the forward and backward
scattering behaviour assuming the various ice crystal shapes. According to the lowest value
for gλ, here aggregates of colummns, the respective cirrus reveals the strongest cooling effect
on the earth’s energy budget.
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Figure 5.18: Heating rates HR of a cirrus layer between 6.7 and 8.5 km altitude assuming varying
ice crystal shapes under approach III with τCi=1.
Table 5.3: Maximum value of the heating rate (300–2300 nm) of a cirrus between 6.7 and 8.5 km
altitude assuming different ice crystal shapes for approach I (constant number size distribution),
approach II (constant ice water content), and approach III (constant optical thickness). The vertical
resolution is 200m.
Approach I Approach II Approach III
HR (Kd−1) z (km) HR (Kd−1) z (km) HR (Kd−1) z (km)
Droxtal 3.06 8.0 4.13 8.4 2.61 7.8
Plate 2.43 7.8 4.41 8.4 2.34 7.8
Baum 2.22 7.6 6.85 8.4 2.22 7.6
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5.2.5 Conclusion
The microphysical properties of the investigated cirrus layer in this section follows the typical
values, reported in the literature. After Platt et al. [1987] and Sassen and Benson [2001] the
vertical extent ranges between 1 km and 3 km, which fits to the measurement and simula-
tion case of 1.8 km. Typical values for cirrus optical thickness lay between 0.03 and 1.66
[Sassen and Benson, 2001], and 0.5–3.5 [Platt and Stephens, 1980], explaining the reference
case of τCi=1. Furthermore, Baum et al. [2005a] reported values for the effective radius
from 19µm to 120µm for midlatitude and tropical ice clouds. reff of the simulated cir-
rus range between 11.9µm and 88.5µm. As Schmitt and Heymsfield [2007] found, that the
most popular ice crystal shapes in mid– and high latitude cirrus are hollow bullet rosettes
and column–shaped ice crystals, in this thesis all typical ice crystal shapes according to the
parameterization of Key et al. [2002] are investigated.
Figure 5.19: Ratios of T (red dots), R (black dots), A (green dots), and RF (diamonds), between
two cases assuming ice crystal shapes of droxtals (Dr) vs plates (Pl) are shown for the investigated
approaches (a) constant NSD, (b) constant IWC, and (c) constant τCi.
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To conclude the different shape effects and to give an estimation of relevance of approach
I–III on the cirrus optical layer properties R (black dots), T (red dots), A (green dots),
and RFCi (diamonds), Fig. 5.19 represents the ratios assuming ice crystal shapes of droxtals
versus plates.
The applied formulas are shown on the bottom of Fig. 5.19. The ratios describe the effect of
the cirrus assuming ice crystal shapes of plates on R, T , A, and RF in dependence of the
reference case of droxtals. They are obtained for the two wavelengths 550 nm, in the VIS
range, and 1640 nm in the NIR. A value of unity would result in a non–changing behaviour
between the two shape approaches.
To conclude, the strongest effects for T , R, and A are investigated assuming approach I with
percentage differences of 13% (T ) to 53% (A). The strongest effect can be seen in the SWIR
wavelength range. The resulting radiative forcing differs for approach I most, too, showing
a difference of up to 41% in the SWIR. Furthermore, Fig. 5.19 shows, that RF depends on
the reflectivity of the cirrus layer, according to Eq. 2.42 consisting of F ↑λ , only.
It is noticeable, that the shape ratios for all parameters show a reverse behaviour assuming
approach II due to the dependence on the relation of particle volume and size.
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5.3 Cirrus and underlying low–level cloud
Chang and Li [2005] reported an annual and global occurrence of high clouds of 52–61%
(ocean–land), from which 27–29% represent cases with low clouds underneath the cirrus.
During the measurement flights of the AIRTOSS campaign very often low–level water clouds
were observed, that is why the related effect of a low–level liquid water cloud is investigated
in this section. For this purpose, sensitivity studies assuming a cirrus layer between 6.7 and
8.5 km altitude, according to section 5.2, in combination with a liquid water cloud at an
altitude of 1 to 1.25 km are presented.
In section 5.3.1 the effect of the low–level
cloud on the cirrus optical layer properties
T , R, and A is presented, in the follow-
ing named as low–cloud–effect. To inves-
tigate the influence on the earth’s energy
budget the low–cloud–effect on the cirrus
radiative forcing is shown in section 5.3.2.
In the following sections 5.3.3 and 5.3.4
the impact of various cirrus properties, as
well as the liquid water cloud properties
are presented.
The different cirrus cases from section 5.2
are complemented by an additional low–
level liquid water cloud, represented by
the sketch in Fig. 5.20. The effect of the
low–level cloud on the cirrus optical prop-
erties is investigated by changing the cir-
rus properties (see subsection 5.3.3), as
well as the properties of the low water
cloud (see subsection 5.3.4).
Figure 5.20: Same as Fig. 5.7. The inves-
tigated cloud layers in Sec. 5.3 are the mid-
dle cirrus layer and the low–level liquid water
cloud, both highlighted in red.
5.3.1 Effect on cirrus layer properties
Figure 5.21 represents simulated layer properties for two conditions, one with (black line)
and one without (red line) a low–level liquid water cloud. The cirrus case is the same as in
Fig. 5.15 (approach I), a cloud layer between 6.7 and 8.5 km altitude, assuming the mixture
of shapes according to Baum et al. [2005b] with τ =1. For the second case a water cloud
(τ = 20) was added between 1 and 1.25 km altitude. The water cloud optical thickness,
as well as the cloud top height are derived from MODIS [Moderate Resolution Imaging
Spectroradiometer, Platnick et al., 2014] data. The measurement example is the same as
shown in Fig. 4.4b, from 30 August 2013.
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Fig. 5.21 shows the layer properties T (a), R (b), and A (c), the cloud top albedo Rtop (d),
and the radiative forcing RF (e) for the two cirrus cases. F ↓λ and F
↑
λ are simulated at the
cloud base (6.7 km) and cloud (8.5 km) of the cirrus layer.
Figure 5.21: Same as Fig. 5.15 assuming the mixture according to Baum et al. [2005b] between 6.7
and 8.5 km altitude (τCirrus = 1). An additional low water cloud with τ = 20 is included between 1.0
and 1.25 km altitude. Inserted is the measurement case from section 4.3 (gray diamonds). The figure
is taken from Finger et al. [2016].
As cloud optical layer properties represent the characteristics of the cirrus itself, changing the
remaining atmospheric conditions can also lead to a change in the availability of photons and
energy at the cirrus layer boundaries. Thus, even under constant microphysical conditions
of the cirrus, the optical properties may vary.
This can be explained by the gain of solar radiation due to reflection and scattering from the
low–level cloud, indicated by Fig. 5.22 (b), compared to the case with only dark ocean below
the cirrus (Fig. 5.22 a). This leads to an increase of F ↑base related with additional photons
coming from the lower hemisphere which enter the cirrus again and interact with the cirrus
cloud particles.
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Figure 5.22: Sketch of the radiation transport above and below a cirrus layer in dependence of
an additional low–level liquid water cloud. The respective integrated solar irradiances are given in
Wm−2 at a solar zenith angle of 49.4◦. In (a) the cirrus is located between 6.7 and 8.5 km altitude
with τCi=1. In (b) a liquid water cloud with τWC=20 is inserted between 1.0 and 1.25 km altitude.
More precisely, adding a low cloud layer in the simulations leads to the strongest effects in
the visible wavelength range with a higher transmissivity (0.94–0.99, difference of 5%) and
lower reflectivity (0.06–0.01, up to 85% difference) of the cirrus layer except in the wave-
length ranges of the water vapor absorption bands. The absorptivity differs rarely. Because
of the constant single scattering albedo of about one in the visible wavelength range, the
absorptivity is nearly neglectible (A ≈0), except for the water vapor and oxygen absorption
bands. In the near–infrared range, where solar radiation is sensitive for absorption by cloud
particles, the absorptivity is changing. A difference can be seen in the wavelength range of
about 2000 nm with the largest absolute difference of 0.11 (cirrus) to 0.13 (cirrus+ low water
cloud), resulting in a percentage difference of 15%.
As the cloud top albedo is also affected by the properties of the atmosphere below the cirrus,
a significant difference between both simulated cases is found. Adding the low–level liquid
water cloud increases the cloud top albedo by up to a factor of 4 in the VIS wavelength
range due to the high reflectivity of the low cloud. Including the water cloud, even in
the shortwave–infrared wavelength range, leads to a similar Rtop as it is derived from the
measurements.
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5.3.2 Effect on cirrus radiative forcing
For characterizing the effect of a low–level liquid water cloud on the radiative forcing of the
cirrus and the atmosphere’s energy budget, a modified radiative forcing RF′Ci is introduced:
RF′Ci,toa = RFCi+low cloud,toa − RFlow cloud,toa (5.5)
RF′Ci,toa = F
↑
low cloud,toa − F ↑Ci+low cloud,toa
with RFlow cloud,toa as the new reference atmosphere. The resulting RF
′
Ci is the difference
between the case of a cirrus with underlying low liquid water cloud and the case with the low
cloud only (as Keil and Haywood, 2003 applied for aerosol layers) at the top of atmosphere.
RF′Ci is shown in Fig. 5.21e (black line) compared to the radiative forcing RF (see Eq. 2.42)
of the single-layer cirrus (red line). The cooling effect of the cirrus is reduced by a factor of
5 (-0.05 to -0.01Wm−2 nm−1) at a wavelength of 500 nm and up to a factor of 2 in the near-
infrared range, compared to the single layer case. Furthermore, there is a sign-changing effect
on RF′Ci with negative values for the visible spectral range and a positive radiative forcing
in the near-infrared range (−0.002 to 0.002Wm−2 nm−1). Due to the upward reflection and
scattering of radiation, caused by the low–level cloud, an increased number of photons is
absorbed by the cirrus layer above.
As an additional cloud layer provides an increased number of photons for the above lying
cirrus, also the vertical profile of the solar heating rate HR is expected to change. The
solar heating rate describes the energy conversion, while the vertical distribution shows the
local effects more exactly. In the following the HR is calculated for atmospheric layers of
200m vertical extend. Fig. 5.23 (a) shows the vertical distribution of the spectrally integrated
heating rate for the wavelength range of 300 to 2300 nm.
The black and the red solid lines are vertical profiles according to the simulations in Fig. 5.21.
The red line represents the single cirrus case (τCi=1, hCi=6.7–8.5 km), whereas the black line
stands for the cirrus case with an additional low liquid water cloud (τWC=20, hWC=1.0–
1.25 km).
The increased heating rate by up to 0.15Kd−1 in the altitude range of the cirrus for the
case with the underlying water cloud confirms the decreased cooling effect of the cirrus
itself. Furthermore, it can be seen, that the difference between the two cases, as shown in
Fig. 5.23 (b), increases with decreasing altitude. This matches the statement on the photon’s
path being reflected and backscattered by the low cloud layer. Afterwards, the photons
are absorbed in each atmospheric layer, resulting in a decreasing number of photons with
increasing altitude. As the amount of interacting photons decreases with altitude, the impact
on HR decreases as well.
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Figure 5.23: Heating rates integrated over the wavelength range from 300 to 2300 nm, averaged for
200m altitude ranges. The cirrus cases correspond to Fig. 5.21.
To further distinguish the effect for different wavelengths HR at 500 nm and 1640 nm is
shown in Fig. 5.24, representing a wavelength range with (1640 nm, dashed lines) and without
(500 nm, solid lines) sensitivity for cloud droplet absorption. The cirrus cases are according
to Fig. 5.23.
The solid curves indicate slight increased values in the altitude ranges of the clouds, whereas
the dashed curves show considerable increased heating rates (from 0.00068 to 0.0008Kd−1)
in the cloud ranges by about 17%.
The additional low cloud leads to an increased heating rate at 500 nm over the complete
altitude range from up to 1 km. At λ=1640 nm HR increases in the altitude range of the
two clouds only, but with a stronger increase of the absolute values due to the sensitivity of
cloud particle absorption in this wavelength range.
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Figure 5.24: Same as Fig. 5.23 for single wavelengths of 500 (solid lines) and 1640 nm (dashed lines).
5.3.3 Sensitivity on the Cirrus properties
In the following the effect of the low–level liquid water cloud on the cirrus optical layer
properties of the cirrus is investigated by various values of optical thickness, effective radius,
ice water content, and ice crystal shape.
The effect of the ice crystal shape as presented in Fig. 5.25 (a)–(d) show R, T , A, and RF ′Ci
at 550 nm and 1640 nm assuming droxtals (pluses), aggregates of plates (diamonds), and
the mix according to Baum et al. [2005b] (dots) for the case of the cirrus only (red) and
the additional low cloud (black). The cirrus optical thickness is unity for each case. The
effects, as explained in section 5.3.1, on the cloud optical layer properties are similar for each
assumed crystal shape, but differ in their magnitude, respectively.
Assuming the different shapes leads to similar percentage differences in T and A between the
two cloud cases (cirrus, cirrus + low cloud). That means, for these quantities the additional
low cloud has the same effect on the different shape approaches.
In contrast to that, the low liquid water cloud influences R of the varying shape approaches
to different extents with the strongest effect on the case of aggregates of plates. This can
be explained by the lowest value for the asymmetry parameter gλ assuming aggregates of
plates. This leads to an increased ability of backward scattering. As the low cloud increases
the amount of reflected and backscattered radiation, interacting with the cirrus layer above,
a decreased asymmetry parameter of the cirrus approach intensifies the effect by the low
cloud.
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Figure 5.25: Same as Fig. 5.13 with the cirrus (red) and the cirrus plus low–level liquid water cloud
(black), assuming different shapes: droxtal (plus), aggregates of plates (black), and mixture according
Baum et al. [2005a]. The cirrus optical thicknesses are constant with τCi=1.
According to changes in the reflectivity assuming the different ice crystal shapes, the effect
on RF ′Ci is a result of the cirrus layer properties. The percentage difference for radiative
forcing is constant in the pronounced spectral range (VIS). But the absolute difference is
decreasing for the case of the cirrus and the underlying water cloud with the strongest effect
for the case assuming aggregates of plates with the strongest cooling effect.
The integrated radiative forcings RF ′Ci,int (300 – 2300 nm) assuming the seven shape assump-
tions are shown in Fig. 5.26 for droxtal, solid column, aggregate of columns (8 elements),
plate, aggregate of plates (10 elements), and hollow bullet rosette. According to the former
cirrus case, the simulated cirrus layer is located between 6.7 and 8.5 km altitude and its cloud
optical thickness is set constant with τCi=1. The black dots in the upper panel indicate the
case of the cirrus only, according to approach III in section 5.2.4, the red dots denote the
cirrus case affected by an underlying liquid water cloud, located between 1.0 and 1.25 km
altitude.
Assuming different shapes results in RF ′Ci,int of -96.1Wm
−2 for aggregates of columns, in-
dicating the strongest cooling effect next to the case of solid columns with -82.9Wm−2.
Assuming aggregates of plates leads to the least cooling effect of the single shape cases with
a RF ′Ci,int of -58.4Wm
−2.
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Figure 5.26: (a) shows RF int (300 – 2300 nm) at TOA of the cirrus layer between 6.7 and 8.5 km
altitude, for the single cirrus layer (black) and the cirrus plus low lying water cloud (red). The
differences between both cases are shown in (b).
Adding the low–level cloud into the simulated atmosphere leads to the decreasing cooling
effect due to the increasing number of photons, being entering in the cirrus layer. This
warming effect on the cirrus layer itself correlates to the strength of RF ′Ci,int with the highest
absolute differences assuming shapes of aggregates of columns and solid columns with up to
63Wm−2.
The strength of the effect due to the low liquid water cloud follows the values of the respective
asymmetry parameter gλ, shown in Fig. 5.5. The lower gλ is, the higher is the part of the
backscattered radiation of the cirrus assuming the various shape. The combination of the
increased backscattering behaviour with the increased amount of available radiation, reflected
and scattered by the low cloud, leads to an enhanced effect of the low liquid water cloud on
the above lying cirrus.
According to the shape approaches I–III of section 5.2.4, Fig. 5.27 represents the respective
∆RFCi,int between the cases with the single cirrus layer and the additional low liquid water
cloud. Approach I and III show a similar behaviour on the different cirrus cases assuming the
varying ice crystal shapes. As the cirrus optical thickness of the shape assumptions of the
three approaches differs not more than 0.5 the resulting ∆RF lays between 20 and 80Wm−2.
In contrast to that, approach II shows the strongest differences in τCi and according to that
the represented differences show the highest values of up to 215Wm−2.
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Figure 5.27: Same as Fig. 5.26 assuming the shape approaches (I) constant number size distribution,
(II) constant ice water content, and (III) constant cirrus optical thickness, of sec. 5.2.4.
The effect of the underlying water cloud depends mainly on the cirrus optical thickness,
which depends on the combination of the number size distribution and the ice crystal shape.
Approach II, assuming a constant ice water content, depends on the volume of the complete
cirrus layer, and thus, on the relation between ice crystal shape and particle size. This relation
is included for three times in the cloud volume and so, into the cirrus optical thickness as
well. That is why ∆RF between the different shape approaches varies by up to 100Wm−2,
revealing the strongest effect.
Table 5.4: Spectral integrated radiative forcings (300–2300 nm) in Wm−2 for the cirrus cases single
layer cirrus (Ci) and cirrus plus low water cloud (+low) assuming different ice crystal shapes for
approaches I–III.
Approach I Approach II Approach III
RF int Wm
−2 RF int Wm
−2 RF int Wm
−2
Ci +low Ci +low Ci +low
Droxtal −106.9 −34.5 −171.8 −59.4 −74.2 −23.2
Solid column −118.4 −39.6 −210.1 −76.4 −82.9 −26.9
Column 8 elements −77.8 −26.5 −366.1 −158.0 −96.1 −33.3
Plate −67.0 −21.1 −201.9 −72.7 −58.9 −18.4
Plate 10 elements −30.8 −10.2 −391.1 −175.9 −58.4 −20.3
Hollow bullet rosette −73.4 −24.3 −360.7 −154.8 −74.0 −24.5
Baum −36.9 −11.0 −343.9 −143.9 −36.9 −11.0
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Fig. 5.28 shows the respective heating rates for the cirrus cases assuming droxtals (red),
plates (black), and the mixture according to Baum et al., 2005b (gray). The dashed lines
represent the cirrus case only, whereas the solid lines show the case of cirrus plus low lying
water cloud.
Figure 5.28: Same as Fig. 5.23 with the cirrus (dashed line) and the cirrus plus low water cloud
(solid line), assuming different shapes: mixture according Baum et al., 2005b (red), Plate (blue), and
Droxtal (black).
The vertical profile shows the strongest peaks in the altitude range of the cloud layers (1.0 –
1.25 km, 6.7 – 8.5 km) with a maximum value of 21.5Kd−1 at the upper limit of the low liquid
water cloud, which is out of the shown HR range. In between the cloud layers the increased
water vapor concentration leads to an increased HR.
Including the low lying liquid water cloud with τ =20 in an altitude range from 1.0 to
1.25 km leads to a general increase of the spectrally integrated heating rate over the entire
height above the low cloud. That can be explained by an additional amount of radiation,
reflected by the low–level cloud. It is noticeable that the absolute difference between the two
atmospheric cases for each crystal shape is similar, resulting in a negligible dependence of
the ice crystal shape under the influence of the low–level liquid water cloud.
As the cirrus optical thickness plays an important role in relation to the low–cloud–effect on
the above lying cirrus layer, Fig. 5.29 shows the investigation of this effect in dependence of
τCi for the cirrus optical layer properties and radiative forcing assuming a τCi of 1 (dots)
and 2 (diamonds). The results are presented at two wavelengths, representing the VIS and
SWIR wavelength range.
Varying the cirrus optical thickness shows the same effects between the cases of only the
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cirrus and the cirrus plus low cloud. That means changing τCi from 1 to 2 leads to the
same percentage difference for transmissivity and absorptivity, and an increased difference
for reflectivity. Similar to the ice crystal shape the cirrus optical thickness has less influence
on the radiative forcing of the cirrus when an additional low cloud is present.
Figure 5.29: Same as Fig. 5.13 with the cirrus (red) and the cirrus plus low water cloud (black),
assuming different τCi: 1. (dots) and 2. (diamonds).
Fig. 5.30 (a) represents the respective spectral integrated radiative forcings RFCi,int for an
increasing τCi from 0.5 to 4, showing a nearly linear relation between τCi and RF for both
cases. The lower panel (b) shows the percentage difference ∆RFCi,int between the two cirrus
cases in the upper panel.
In general, with an increasing cirrus optical thickness the solar cirrus radiative forcing reveals
a stronger cooling effect for both cirrus cases, with and without the low lying liquid water
cloud. And with an increasing τCi the effect of the low–level liquid water cloud on the above
lying cirrus increases, as shown in (b). This can be explained by a further interaction of
radiation with the cirrus layer, depending on the extinction of the cloud layer. With a higher
cirrus optical thickness the stronger cloud layer extinction affects the incoming radiation
from above and from below the cirrus. This leads to an increasing ∆RFCi,int with increasing
τCi, resulting in a decreasing importance of the cirrus property when a low cloud is present.
According to the decreasing transmissivity with increasing τCi the amount of transmitted
radiation decreases. This results in less radiation, that can be reflected by the low cloud
and interacts with the above lying cirrus again. Thus, with increasing τCi the percentage
difference between RFCi,int for the two cirrus cases decreases.
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Figure 5.30: (a) Same as Fig. 5.26 for the single cirrus layer (black) and the cirrus plus low lying
water cloud (red) assuming different τCi. (b) Diamonds represent the absolute differences between
the cases in (a).
Furthermore, the relation of ∆RFCi,int between the two cirrus cases and the cirrus optical
thickness is quadratic. That means, the higher τCi is, the higher is the discrepancy between
the two cases and the higher is the influence of the low–lying cloud on the layer properties
of the cirrus. But as the relation is quadratic, at a high cirrus optical thickness of about
10, which is not typical for a cirrus cloud, the influence of the low cloud would be nearly
constant.
The relation between the spectral integrated RF assuming different ice crystal shapes for the
approaches I–III, according to section 5.2.4, for the two cloud cases, with and without low
water cloud, combine the several points of interest. The ratio R is obtained by calculating :
R = RF int,Plate 10El.
RF int,Droxtal
. (5.6)
Fig. 5.31 presents R assuming the shapes of plates to the reference of droxtals for the case
of the single–layer cirrus (black diamonds) and an additional low liquid water cloud (gray
diamonds). In case of, the low cloud has the same effect on the above lying cirrus assuming
plates and droxtals, the parameter would be unity.
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Figure 5.31: Shown are the ratiosR of integrated RF assuming plates vs. droxtals for the approaches
I–III, indicated by the sections 5.2.4 – 5.2.4 (black diamonds). In addition, the four approaches are
simulated with the additional low liquid water cloud between 1–1.25 km altitude (gray diamonds).
For approach I RI shows values of 0.288 and 0.296, resulting in only a slightly stronger shape
effect for the single–layer case. That means, the change of the ice crystal shape has a stronger
influence on the cirrus radiative forcing when no further cloud layer is present.
In contrast to that the shape ratio for approach II shows the reverse behaviour and further-
more, a higher difference between the two cases with values of 2.276 and 2.964. As Fig. 5.16
(b) reveals, RFPlate indicates a stronger cooling effect in relation to RFDroxtal for approach
II. And the higher the cooling effect of the cirrus is, the stronger is the effect of the low–level
cloud. So, the shape effect for approach II assuming the multi–layer case is stronger.
Assuming a constant τCi the ratios RIII, shown in Fig. 5.31 Appr. III, reveal values with a
difference of 0.087.
For approaches I and III a stronger shape effect is investigated for the single–layer case. In
other words, in the presence of the low–level liquid water cloud the assumption of different
ice crystal shapes of the cirrus layer has a secondary relevance to the cirrus solar radiative
forcing.
RII shows the opposite behaviour with a stronger shape effect for the single–layer case of
the cirrus. This can be explained by a high cirrus optical thickness of about 15 assuming
aggregates of plates, resulting from the approach of a constant ice water content. Fig. 5.30
reveals, that with increasing τCi the effect of the low cloud on RF
′
Ci is saturated. Assuming
a very high τCi, here 15.4, the effect of the low liquid water cloud on the cirrus radiative
forcing decreases, whereas the shape effect of the cirrus is getting important again.
5.3.4 Effect of water cloud properties
To evaluate the low–level cloud effect on the cirrus the properties of the low water cloud,
such as optical thickness and cloud top height, are investigated in the following. The cirrus
is located between 6.7 and 8.5 km altitude and consists of the mixture of shapes according
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to Baum et al., 2005b.
Cirrus cases with a varying water cloud optical thickness of 20 (triangle) and 40 (plus) and
a changing cloud top height of 1.25 km (triangle) and 3.25 km (diamond) are presented in
Fig. 5.32. Assuming three cloud approaches with constant cirrus conditions, but varying
properties of the underlying water cloud, Fig. 5.32 shows the cirrus optical layer properties
(a–c) and radiative forcing (d) at two different wavelengths, 550 nm in the VIS and 1640 nm
in the SWIR wavelength range outside the water vapor absorption bands. The reference case
is represented by a water cloud with an optical thickness of 20 lying between 1 and 1.25 km
altitude, whereas the cirrus reference is according to the above mentioned cirrus layer with
τCi=1.
Figure 5.32: Same as Fig. 5.13 with the low water cloud (1.0–1.25 km altitude) with τWC=20 (black
triangles) and τWC=40 (black pluses), and at an altitude of 3.0–3.25 km (black diamonds). The cirrus
case only is shown as blue diamonds.
For investigating the impact of the water cloud properties τWC is doubled to a value of 40.
This leads to a noticeable change in the reflectivity in the visible wavelength range only, by
about 92%. For T and A the difference is less than 1%. According to that, RF differs by
59% in the VIS.
Assuming an increased water cloud level, ranging between 3 and 3.25 km, similar effects on
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the cirrus layer properties compared to an increased τWC are observed. For T and A the
difference is small with a maximum of 3% in the VIS, whereas the effect on R is increased
with up to 28% in the VIS and 17% in the SWIR. In contrast to the former cloud case,
changing the water cloud altitude has no noticeable influence on RF in the visible range,
but up to 11% in the SWIR.
Regarding the effect of the low–level liquid water cloud properties on the single–layer cirrus
cloud (blue diamonds), the largest differences for the layer properties are investigated in the
visible range, too. For RF ′ percentage differences from 80% to 92% are found for both
wavelengths with a higher difference of absolute values in the VIS, caused by the increased
amount of radiation, which is reflected back by the low cloud.
Fig. 5.33a and b show values of wavelength integrated cirrus radiative forcings (wavelength
range: 300–2300 nm) with varying water cloud optical thickness (a) and cloud top height
(b). The color code represents the changing cirrus optical thickness.
In Fig. 5.33a the low–level cloud is located between 1 and 1.25 km with an increasing optical
thickness from 5 to 60. In general, the cooling of the cirrus decreases with increasing optical
thickness of the low–level cloud, resulting in an increasing influence of the low WC on the
radiative forcing of the upper lying cirrus. This can be explained by the increasing amount
of radiation, reflected by the lower cloud, being available for interaction with the cirrus.
With increasing water cloud optical thickness, a saturating effect becomes evident resulting
in a difference of 83% (32Wm−2) for the cirrus with τ =2 and an absolute difference of the
water cloud optical thickness of 55. Additionally, with increasing cirrus optical thickness the
absolute difference of RF′Ci increases from 10Wm
−2 (τCi=0.5) to 32Wm
−2 (τCi=2).
Figure 5.33: Shown areRF ′Ci for the case of a cirrus (shape: mix according Baum et al. [2005b]) plus
low lying water cloud. The dots represent RF ′Ci with changing τWC, the triangles stand for changing
cloud top height of WC. The colors indicate different τCi. The figure is taken from Finger et al.
[2016].
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In Fig. 5.33b the low–level liquid water cloud has a constant optical thickness of 20 and a
vertical thickness of 250m with an increasing cloud top height from 1.25 to 6.25 km in steps
of 1 km. Here, the amount of the reflected radiation by the low cloud, available in the cirrus
level, depends on the amount of absorbing molecules and thus, on the vertical extension
of the atmosphere, in between and its interaction with the transmitted (from cirrus) and
reflected (from water cloud) radiation. Figure 5.33b shows a decreasing solar cooling with
an increasing cloud top height of the low–level cloud. This results in a difference of 7Wm−2
(τCi=2) for a vertical difference of the cloud top height of 5 km. The trend of RF
′
Ci represents
a similar saturating effect with increasing cloud top height resulting in percentage differences
of 20% (τCi=0.5) to 35% (τCi=2).
Keeping τCi constant, both curves asymptotically approach a similar value of RFCi, that is
only dependent on the cirrus properties, such as τCi, itself. The asymptotic behaviour can
be explained by the finite amount of interacting photons, being available in between the two
cloud layers, which depends on the incoming solar radiation, that is transmitted through the
cirrus layer.
It is noticeable that the effect due to the optical thickness of the low cloud (a) in comparison
to the effect of the cloud top height (b) has a stronger influence on the radiative forcing of
the above lying cirrus. That means, that the impact of the increasing amount of photons,
due to an increasing reflectivity of the liquid water cloud, exceeds the effect of less extinction
by atmospheric molecules in between the two cloud layers.
In Fig. 5.34 the ratio R is represented to combine both, the changing properties of the low–
level liquid water cloud (τWC and cloud top height) with the cirrus optical thickness.
Figure 5.34: Ratios RCOT and RCOT according to Eq. 5.7 and 5.8 using RF int,Ci, represented in
Fig. 5.33.
The ratio R describes the effect of the changing water cloud properties on RF int,Ci in depen-
dence of the reference case of the water cloud with τWC=20 and zWC=1– 1.25 km. RCOT,
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describing the effect due to the water cloud optical thickness (subscript COT) is derived by:
RCOT = RF
′
int,τWC
RF ′int,τ = 20
, (5.7)
and according the effect by the cloud top height (subscript CTH):
RCTH = RF
′
int,zWC
RF ′int,z = 1.25 km
. (5.8)
The respective ratios for both cases are presented in Fig. 5.34 with RCTH as triangles and
RCOT as dots. The x–axis shows the relation between the values of τ and z according to the
reference cases of τ =20 and CTH=1.25 km, respectively, with :
xCOT =
τWC
τ = 20
(5.9)
and
xCTH =
CTHWC
CTH = 1.25 km
. (5.10)
For the case of non–changing properties the ratios are unity. Comparing RCOT and RCTH
indicates different trends with a stronger decrease for RRCOT. That means, for example,
a doubling of τWC leads to a R of 0.65, or difference of 35%. Whereas, the same change
of zWC results in a R of 0.86, a difference of 14%. This behaviour describes the stronger
influence of the water cloud optical thickness on the radiative properties of the above lying
cirrus in comparison to the water cloud top height.
For the above presented cloud cases Fig. 5.35 shows the respective heating rates, integrated
over the spectral range from 300 nm to 2300 nm. According to the former findings an in-
creasing τWC as well as an increasing zWC leads to an increased HR in the altitude range of
the cirrus layer.
94 5. SIMULATIONS
Figure 5.35: Same as Fig. 5.23 according to the cloud cases of Fig. 5.32 with the single cirrus layer
in red.
6 Summary and Conclusions
6.1 Summary and Conclusions
Within this work spectral optical layer properties of cirrus have been investigated with respect
to the effect of microphysical and optical cloud parameters, such as optical thickness, cloud
particles size, and ice crystal shape. Furthermore, the impact of low-level clouds on the
cirrus layer properties has been quantified. This study was based on airborne measurements
combined with radiative transfer simulations. The experimental work was performed during
two measurement campaigns in spring and late summer in 2013 within the framework of
the AIRTOSS – ICE project. Spectra of optical layer properties of cirrus were derived
from collocated airborne radiation measurements by an aircraft and the towed platform
AIRTOSS, released on a towing cable underneath the plane. With this unique setup, spectral
solar upward and downward irradiances were measured above, beneath and inside cirrus
layers. Furthermore, collocated in situ measurements of cloud particle size distribution were
performed by the Max Planck Institute for Chemistry Mainz and University of Mainz. These
in situ data were used as input for the accompanied radiative transfer simulations.
6.1.1 Experimental
The research flights were carried out in restricted flight areas above the North and Baltic
Sea. Stepwise horizontal fight patterns were flown to collect radiative and microphysical
data at different altitudes (6 – 11.5 km). Due to performance restrictions of the horizontal
stabilization system for levelling the optical inlets, only straight flight legs with minor changes
of pitch and roll angles (≤ 5 ◦) were selected.
Compared to the previous version of AIRTOSS (see Frey et al. [2009]), the new version
was extended by the SMART–Albedometer measuring the spectral upward and downward
irradiance in the range between 350 and 2000 nm wavelength. Finally, spectra of cirrus
optical layer properties could be derived from collocated radiation measurements above the
cloud (aircraft) and below the cirrus layer (AIRTOSS).
Exemplarily, data from the measurement flight conducted on 30 August 2013 were presented
in this thesis comprising a flight section of about 10.4 km horizontal distance. Due to the
limited vertical separation between aircraft and AIRTOSS of 200 m and adverse measurement
conditions, the experimental part of this work is restricted to this particular case study.
For the studied cloud case, two cirrus layers were observed by the in situ cloud probes, the
first layer lying in an altitude range of 6.7 – 8.5 km, a second but vertically thinner cirrus layer
ranging between 9 and 9.2 km. Furthermore, a liquid water cloud layer could be identified
from MODIS observations ranging with a cloud top height of 1.25 km and an optical thickness
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of 20.
For the upper cirrus layer, the spectral transmissivity, absorptivity, reflectivity, and cloud
top albedo were derived out of the collocated radiation measurements. In the near infrared
wavelength range the transmissivity revealed the smallest variation between 0.890 and 0.925
(4%) along the flight path. Absorptivity and reflectivity ranged between 0.078 – 0.098, and
0.001 – 0.008 resulting in a percentage variability of 21% and 87%, respectively. The variation
of the cirrus optical layer properties results from the horizontal inhomogeneities of the optical
and microphysical cirrus properties, but also from the influence of the lower–lying cloud
layers, as was shown by radiative transfer simulations.
This impact is well pronounced with respect to the cloud top albedo with varying values of
up to 25%. It was found, that in particular the variable upward radiation measured below
the cirrus has a significant effect on the derived cirrus layer properties. Exemplarily, an
increased upward irradiance of 0.02Wm−2 nm−1 from below the cirrus leads to a decreased
reflectivity of about 80%.
From these findings further questions concerning the effect of low–level clouds on the cirrus
layer properties (in the following called low–cloud–effect) came up:
1. What is the magnitude of the impact of underlying clouds on the optical properties?
2. In case of an underlying cloud, what is the effect of cirrus properties like ice crystal
shape and optical thickness on the cirrus layer properties?
3. Assuming constant cirrus properties, what is the effect of cloud optical thickness and
cloud height of the underlying liquid water cloud on the cirrus layer properties?
4. For which cirrus properties the effect of an underlying cloud can be neglected?
These questions were discussed in detail in the modelling part of this thesis.
6.1.2 Radiative transfer modelling
The sensitivity of the cirrus layer properties on the microphysical properties of the cirrus
itself and an additional underlying liquid water cloud was investigated by varying the optical
thickness, cloud particle size, and cloud top height within one–dimensional radiative transfer
simulations using the libRadtran–package. The simulations were carried out with tables of
ice crystal single–scattering properties [Yang et al., 2013] combined with measured in situ
size distributions from the AIRTOSS campaign to derive the volumetric optical properties.
To decouple effects from cirrus and low–level cloud properties, in a first step, only one single–
layer cirrus as observed between 6.7 and 8.5 km altitude during the AIRTOSS–campaign, was
assumed in the sensitivity study.
First, the sensitivity on the ice particle number size distribution as measured at different
time steps was studied. The six cases of NSDs represented cirrus cases with an optical
thickness ranging from 0.07 to 1.39 and effective particle radii between 16 and 44µm. By
the variation of the NSD, both parameters, τCi and reff, are changing. Outside the water
absorption bands, the optical layer properties and consequently the earth’s energy budget
is mainly affected by the cirrus optical thickness, where R differs by a factor of 8, resulting
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in a changing cirrus radiative forcing of a factor of 25 between the optically thinnest and
thickest cirrus case. The reff in combination with the particle number is mainly determining
the absorption with a difference of up to a factor of 20 in the SWIR.
The second sensitivity test considered the simultaneous variation of reff and τCi when chang-
ing the number size distribution by separating both parameters. Therefore, only the optical
thickness was varied between a 0.5 to 4, representing typical values for cirrus clouds as
reported by Platt and Stephens [1980] and Sassen and Benson [2001]. The remaining pa-
rameters, such as reff, crystal shape and cloud height, were kept constant. It was shown,
that an increasing τCi leads to a nearly linear decrease of T and an increase of R and A,
resulting in a stronger solar cooling effect, as shown by the decrease of the cirrus radiative
forcing.
The third parameter varied in this sensitivity study was the ice crystal shape. Six different
shapes and a mixture of shapes according to Baum et al. [2005b] were implemented into the
radiative transfer simulations. Similar to changes of the number size distribution, changes of
the crystal shape affects variations of the particle size and optical thickness and consequently
the extinction properties.
Therefore, three approaches were investigated: (I) a constant number size distribution, (II) a
constant ice water content, and (III) a constant cirrus optical thickness. For approach (I), it
was found, that the shape effect is characterized by the dependence of the optical properties
on the effective extinction area and volume of the ice cloud particles for the respective ice
crystal shapes. As the number of ice crystals according to their particle size is constant, the
resulting volume varies. In combination with the radiative relevant effective extinction area,
it defines the resulting optical layer properties, and thus, the optical thickness of the cirrus.
According to the geometrical properties aggregates of plates reveal the strongest differences
to the reference case of droxtals, representing spheres, with a difference of 48% for T and up
to a factor of 3 and 2 for R and A, respectively.
The shape effect of approach (II) was characterized by the cloud particle volume as a function
of the particle size. Keeping the IWC constant leads to a decreasing reff and thus, to an
increased τCi. This means, that the ice crystal shape with the largest particle area according
to its volume, such as aggregates of plates and columns, results in the strongest solar cooling
effect with up to -391.1Wm−2. Due to the link between the total surface area of a cloud
and its capability of reflection R differs by up to a factor of 4, while T and A vary by less
than 60% compared to the reference case.
Approach (III) with a constant τCi accounts for the influence of the scattering phase function
which can be simplified by the asymmetry parameter g, describing the strength of the for-
ward and backward scattering behaviour assuming the various ice crystal shapes. According
to the largest difference between g, aggregates of columns (g=0.75) and aggregates of plates
(g=0.88) obtain differences by 9% for T and a factor of 2 for R with the strongest solar
cooling effect for aggregates of plates. The reff determines the absorptivity with the largest
difference between aggregates of plates (reff=11.4µm) and the reference case of droxtals
(reff=73.8µm) by a factor of 2.
In a second step, the effect of the low–level water cloud was investigated. As reported by
Chang and Li [2005], the occurrence of cirrus with low clouds underneath is in the range of
30%. Also during the measurement flights mostly multi–layer cloud situations were observed.
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A second cloud, representing a low–level liquid water cloud layer, was added according to
MODIS measurements of 30 August 2013, consisting of liquid cloud droplets. In general, the
low cloud leads to an increasing transmissivity and absorptivity, and a decreasing reflectivity
of the overlying cirrus layer. This can be explained by the increased amount of radiation,
being available in the altitude range of the cirrus layer, due to reflection and scattering in
upward direction at the top of the low liquid water cloud.
Therefore, a modified cirrus radiative forcing is investigated with a new reference atmosphere
including the low liquid water cloud only. With respect to the radiative forcing of the cirrus,
the existence of the low cloud causes a decrease of the cooling effect of the above lying cirrus
layer. It was found, that if a low–level cloud is not considered, the solar cooling of the cirrus
is strongly overestimated by up to a factor of 5 in the visible wavelength range.
Further sensitivity studies were performed determining the impact of cloud property changes
of both, the water and the ice cloud, on the cirrus layer properties. Additionally to the
variation of the cirrus properties as already applied in the first part of the sensitivity study
assuming only one cirrus layer, here also the water cloud properties (cloud optical thickness
and cloud top height) were systematically varied. It was found, that the strength of the ice
crystal shape effect due to the low liquid water cloud follows the trend of the asymmetry
parameter g for the respective ice crystal shapes
The lower g is, the higher is the part of the backscattered radiation of the cirrus assuming
the various shape. The combination of the increased backscattering behaviour of the cirrus
particles with the increased amount of available radiation, reflected and scattered by the low
cloud, leads to an enhanced effect of the low liquid water cloud on the above–lying cirrus. It
follows, that a cirrus assuming ice crystal shapes of aggregates of columns shows the strongest
low–cloud effect.
It is further noticeable, that the absolute difference between the single–layer cirrus case and
the two–layer case for each crystal shape is similar, resulting in a decreasing dependence of
the ice crystal shape under the influence of the low–level liquid water cloud.
Varying the cirrus optical thickness in the presence of the low–water cloud revealed for an
increasing cirrus optical thickness a stronger cooling effect, whereby the effect of the low–
level liquid water cloud on the above lying cirrus increases. With a higher cirrus optical
thickness, the increasing cloud layer extinction affects the incoming radiation from above
and from below the cirrus. This leads to an increasing difference between the single–layer
cirrus case and the two–layer case with increasing τCi. It confirms a decreasing importance
of the cirrus property when a low cloud is present.
The decreasing transmissivity of the cirrus layer with increasing τCi, leads to a lower amount
of radiation, which can be reflected by the low–level cloud and interacting with the above
lying cirrus again. Thus, with increasing τCi the percentage difference between RFCi,int for
the two cirrus cases asymptotically decreases. It was found, that saturation is reached for a
cirrus optical thickness of about 10, which is not typical for a cirrus cloud.
For investigating the impact of the liquid water cloud properties, the cloud optical thickness
as well as the cloud top height was varied, while the properties of the concerning cirrus layer
above were kept constant. It was observed, that with increasing optical thickness of the
low–level cloud the solar cooling of the cirrus decreased, resulting in an increasing influence
6.1. SUMMARY AND CONCLUSIONS 99
of the low WC on the radiative forcing of the upper lying cirrus. This was explained by the
increasing amount of radiation, reflected by the lower cloud, being available for interaction
with the cirrus. For example, a doubling of τ from 20 to 40 leads to a noticeable change in
the reflectivity in the visible wavelength range only, by about 92%. According to that, the
radiative forcing differs by about 60%, while for T and A the difference is less than 1%.
Changes of the cloud top height of the low–level water cloud has shown a decrease of the solar
cooling with an increasing cloud top height. For example, assuming a vertical difference of
the cloud top height of 5 km (1.25 – 6.25 km altitude), a difference of the spectrally integrated
cirrus solar radiative forcing of 7Wm2 (at τCi=2) was calculated. Regarding the cirrus layer
properties, an increasing cloud top height of 2 km results in the largest difference for R with
28%, while for T and A the difference is small with less than 3%.
The increased influence of the low–level cloud with an increased cloud top height was also
observed by investigations with respect to the heating rate. It was found, that the difference
of HR between the single–layer cirrus and the two–layer case decreases with increasing
altitude of 5 km by 80% due to extinction processes in the atmospheric layer (between 1.25
and 6.7 km altitude). Assuming an increased water cloud top height provides an increased
amount of radiation in the upper cirrus layer.
Furthermore, a doubling of τWC revealed a difference of 35%, whereas, the doubling of zWC
resulted in a difference of 14%. From this sensitivity test, it was found, that the change of
the optical thickness of underlying clouds have a larger impact on the radiative forcing than
changes of the cloud top height of the cloud below the cirrus.
The above mentioned issues, regarding the low–cloud–effect on the cirrus layer, can be sum-
marized as follows.
Question: What is the magnitude of the impact of underlying clouds on the optical proper-
ties?
Answer: An underlying water cloud has a significant effect on the cloud optical layer prop-
erties of cirrus clouds. It leads to an increased transmissivity and absorptivity, and a
decreased reflectivity. This results in a noticeable change in the cirrus radiative forcing
with a decreased solar cooling effect of the cirrus. In the SWIR range, the solar cloud
radiative forcing even changes sign and shows a warming effect, but with low absolute
values. It was found, that if a low–level cloud is not considered, the solar cooling of
the cirrus is strongly overestimated by up to a factor of 5 in the visible wavelength range.
Question: In case of an underlying cloud, what is the effect of cirrus properties like ice
crystal shape and optical thickness on the cirrus layer properties?
Answer: Assuming various cirrus cloud properties, such as ice crystal shape and optical
thickness, the low–level water cloud has shown an impact on the cirrus optical prop-
erties as well. The radiative transfer simulations revealed that the main factor is the
cirrus optical thickness. The higher τCi is, the stronger is the effect by the underlying
cloud on the cirrus optical properties by 74%. Varying ice crystal shapes can lead to
a difference of 66%.
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Question: Assuming constant cirrus properties, what is the effect of cloud optical thickness
and cloud height of the underlying liquid water cloud on the cirrus layer properties?
Answer: The microphysical and optical properties of the low–level water cloud have an effect
on the cirrus properties, too. As the water cloud optical thickness increases, the effect
on the cirrus optical properties increases. A similar but less pronounced effect can be
seen by changing the altitude range of the water cloud due to modulation of absorption
in the atmospheric layer in between.
A doubling of the water cloud optical thickness results in a difference of 35%. The
doubling of the cloud top height revealed a difference of 14%.
Question: For which cirrus properties the effect of an underlying cloud can be neglected?
Answer: The investigations showed, that the effect on a cirrus due to an underlying low cloud
has to be taken into account, resulting in different extents depending on the proper-
ties of the cirrus layer, as well as on the low liquid water cloud. Even for the case of
τCi=0.5 a low–level liquid water cloud affects the radiative forcing by +12Wm
2.
Furthermore, it was found, that with an increasing cirrus optical thickness the low–
cloud–effect behaves asymptotically. Theoretically, at higher values of τCi of about 10
the absolute effect on the cirrus radiative forcing is maximum but constant.
This emphasizes that the optical layer properties and the resulting solar radiative forc-
ing for a real existing cirrus always depends on the optical properties of an underlying
cloud layer as well as the surface albedo.
6.2 Perspectives
While this work was restricted to investigations within the solar spectral range, upcoming
research should be focused also on the longwave radiative effects of cirrus. Only considering
both contributions can give a full picture of the cirrus effects on the earth’s energy budget.
Sensitivity studies, similar to these presented in this thesis are required to understand the
impact of cirrus also in the presence of lower clouds which only rarely discussed in earlier
publications. Such a sensitivity study should be supported by collocated aircraft observations
using an aircraft with a towed platform.
The potential of towed platforms for collocated measurements and the linkage between in
situ microphysical and radiation measurements was shown. However, the vertical separation
between aircraft and towed platform is limited due to the length of the towing cable and
the velocity of the aircraft. For a larger statistics, a vertical distance of about 1 km is
needed. For further applications, the limitation of cable length should be reconsidered to
enable measurements of geometrically thicker clouds. For helicopter–borne measurements a
comparable setup was successfully applied [Werner et al., 2013, 2014].
A combination of both, measurements of radiative and microphysical quantities, enables a
closure study of the cirrus layer properties by using the microphysical measurements to derive
the cirrus optical properties, consistent with the radiative measurements. As additional
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cloud layers, ice and liquid water clouds, affect the investigated cirrus, further microphysical
information about the underlying cloud layers are required to enable a closure study.
The equations to estimate the layer properties underlies the assumption of homogeneous
cloud conditions, when the sum of transmissivity, absorptivity and reflectivity equals one,
which is true for the mean of a large area. However, for smaller scales horizontal photon
transport gets important. Recently, Song et al. [2016] have described a spectral net horizon-
tal photon transport term, considering the loss or gain of photons in horizontal directions.
They found that, this photon transport is caused by molecular scattering in conjunction with
the cloud spatial structure. For the 1D case studies, the additional term has to be taken into
account.
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List of Symbols
α rad or ◦ Roll angle
αparλ km
−1 Particle extinction coefficient
β rad or ◦ Pitch angle
βparλ km
−1 sr−1 Particle backscatter coefficient
θ0 rad or
◦ Solar zenith angle
ϑ rad or ◦ Scattering angle
λ nm or µm Wavelength
µ 1 Cosine of the zenith angle θ
µ0 1 Cosine of the solar zenith angle θ0
ϱw gm
−3 Density of liquid water
σ variable Standard deviation
τ 1 Cloud optical thickness
τCi 1 Cirrus optical thickness
τWC 1 Water cloud optical thickness
φ0 rad or
◦ Solar azimuth angle
ω˜ 1 Single–scattering albedo
ω˜′ 1 Delta–scaled single–scattering albedo
⟨ω˜⟩ 1 Volumetric single–scattering albedo
Λ 1 Truncation order
Φλ Wnm
−1 Spectral radiant energy flux
d2Ω sr Differential solid angle
⟨bext(λ)⟩ m−1 Volumetric extinction coefficient
⟨bsca(λ)⟩ m−1 Volumetric scattering coefficient
ftr 1 Fraction of truncated energy
fcos,dir 1 Direct cosine correction factor
fcos,dif 1 Diffuse cosine correction factor
fabs Wm
−2 nm−1 Absolute calibration factor
f trans 1 Transfer calibration factor
g 1 Asymmetry factor
hc m Cloud altitude
htr 1 Truncation function
n 1 Order of the Legendre polynomials and coefficients
n˜ 1 Complex index of refraction
n˜i 1 Imaginary part of index of refraction
List of Symbols 109
⟨p⟩ sr−1 Volumetric phase function
reff µm Droplet effective radius
ŝ 1 Direction of propagation
t s Time
tint s Integration time
v ms−1 Horizontal velocity
z m Geometrical thickness of a cloud
zbase m Cloud base height
ztop m Cloud top height
A m2 Particle cross section
Aλ 1 Spectral absorptivity
d2A m2 Infinitesimal area element
d2A⊥ m
2 Infinitesimal area element perpendicular to ŝ
Cλ,S Wm
−2 nm−1 sr−1 Spectral absolute calibration factor (Sphere)
Cλ,T Wm
−2 nm−1 sr−1 Spectral transfer calibration factor
Cn 1 Legendre coefficients
C ′n 1 Delta–scaled Legendre coefficients
Cs Wm
−2 Solar cloud forcing
Ct Wm
−2 Terrestrial cloud forcing
Cabs m
2 Absorption cross section
Cext m
2 Extinction cross section
Csca m
2 Scattering cross section
C ′abs m
2 Delta–scaled absorption cross section
C ′ext m
2 Delta–scaled extinction cross section
C ′sca m
2 Delta–scaled scattering cross section
D m Particle diameter
Dn 1 Legendre coefficients of truncated function htr
Erad J Radiant energy
Fλ Wm
−2 nm−1 Spectral irradiance
Fλ,iso Wm
−2 nm−1 Isotropic spectral irradiance
Fλ,L Wm
−2 nm−1 Spectral irradiance calibration lamp
F ↓λ Wm
−2 nm−1 Downward spectral irradiance
F ↑λ Wm
−2 nm−1 Upward spectral irradiance
FWHM nm Full width at half maximum
HR Kd−1 Heating Rate
Iλ Wm
−2 nm−1 sr−1 Spectral irradiance
IWC gm−3 Ice water content
Jdiff Wm
−2 nm−1 sr−1 Multiple–scattering term
Jdir Wm
−2 nm−1 sr−1 Single–scattering term
LWC gm−3 Liquid Water Content
LWP gm−2 Liquid water path
dN
d logD m
−1 Particle number size distribution
Pn 1 Legendre polynomials
110 List of Symbols
Rλ 1 Spectral reflectivity
RF Wm−2 nm−1 Radiative forcing
RF int Wm
−2 Integrated radiative forcing
S0 Wm
−2 nm−1 Extraterrestrial irradiance
Tλ 1 Spectral transmissivity
V m3 Particle volume
P 1 Scattering phase function
P⋆ 1 Recalculated scattering phase function
Ptr 1 Delta–scaled scattering phase function
List of Abbreviations 111
List of Abbreviations
1D one–dimensional
3D three–dimensional
ACTOS Airborne Cloud Turbulence Observation System
AIRTOSS AIRcraft TOwed Sensor Shuttle
ASCII American Standard Code for Information Interchange
CCP Cloud Combination Probe
CDP Cloud Droplet Probe
Ci Cirrus
CIPg Cloud Imaging Probe greyscale
COT Cloud Optical Thickness
CTH Cloud Top Height
DISORT Discrete Ordinate Radiative Transfer Solver
EUMETSAT European Organisation for the Exploitation of Meteorological Satellites
FEE Front End Electronic
FSSP Forward Scattering Spectrometer Probe
GPS Global Positioning System
ICE Inhomogeneous Cirrus Experiment
INS Inertial navigation System
libRadtran library for radiative transfer
METEOSAT Meteorological Satellite
MODIS Moderate Resolution Imaging Spectroradiometer
NIR Near–infrared wavelength region (here, 700–3000 nm)
PC Personal Computer
PDA Photo–Diode Array
PGS Plane–Grating Spectrometers
PIP Particle Imaging Probe
RTE Radiative Transfer Equation
SMART Spectral Modular Airborne Radiation measurement sysTem
SWIR Spectrometer covering the wavelength region 900–2200 nm
TOA Top Of Atmosphere
UTC Coordinated Universal Time
UV Ultra–Violet wavelength region (here, 100–380 nm)
VIS Visible wavelength region (here, 380–700 nm)
VNIR Spectrometer covering the wavelength region 290–1000 nm
WC water cloud
List of Figures
1.1 Cirrus radiative forcing from Fu-Liou Model . . . . . . . . . . . . . . . . . . . 2
1.2 Shape effect on cirrus radiative forcing . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Global annual coverage of high clouds . . . . . . . . . . . . . . . . . . . . . . 4
2.1 Geometry to define radiance and irradiance . . . . . . . . . . . . . . . . . . . 9
2.2 Geometry to define the scattering angle . . . . . . . . . . . . . . . . . . . . . 11
2.3 Schematic sketches for radiative transfer . . . . . . . . . . . . . . . . . . . . . 15
2.4 Schematic sketch of cloud optical layer properties . . . . . . . . . . . . . . . . 16
3.1 Logo AIRTOSS–ICE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 Flight tracks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3 Photo from Learjet and AIRTOSS . . . . . . . . . . . . . . . . . . . . . . . . 22
3.4 AIRTOSS setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.5 SMART unit of AIRTOSS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.6 Measurement assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.7 Measurement setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.8 Horizontal misalignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.9 Spectroradiometric system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.10 Spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.11 Dark current signals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.12 Calibration setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.13 Cosine response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.14 Direct cosine correction factor . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.15 Calibration setup of the absolute calibration . . . . . . . . . . . . . . . . . . . 35
3.16 Integrating sphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.17 Transfer factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.18 Dark current spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.19 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.1 Satellite image and flight tracks . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.2 Vertical profiles of microphysics . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.3 Irradiance time series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.4 Spectra of irradiance and layer properties . . . . . . . . . . . . . . . . . . . . 44
4.5 Time series of layer properties at 1640 nm . . . . . . . . . . . . . . . . . . . . 45
4.6 Time series of layer properties at 550 nm . . . . . . . . . . . . . . . . . . . . 46
4.7 Time series of upward irradiance at 550 nm . . . . . . . . . . . . . . . . . . . 46
4.8 Photo of cloud situation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.9 Time series of upward irradiance at 1640 nm . . . . . . . . . . . . . . . . . . 48
112
List of Figures 113
4.10 Photon interaction with cloud particles . . . . . . . . . . . . . . . . . . . . . . 49
4.11 Time series of τ and HR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.1 Ice crystal shapes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.2 Phase function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.3 Extinction coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.4 Spectral single scattering albedo . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.5 Asymmetry parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.6 Procedure of simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.7 Vertical distribution of the cloud layers . . . . . . . . . . . . . . . . . . . . . . 59
5.8 Schedule: measured cirrus layer . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.9 Number size distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.10 Simulated cirrus optical layer properties . . . . . . . . . . . . . . . . . . . . . 61
5.11 Schedule: cirrus layer from 6.7 to 8.5 km . . . . . . . . . . . . . . . . . . . . . 63
5.12 Different number size distributions . . . . . . . . . . . . . . . . . . . . . . . . 64
5.13 Layer properties for different NSDs . . . . . . . . . . . . . . . . . . . . . . . . 65
5.14 Layer properties for increasing τ . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.15 Layer properties for shape approaches . . . . . . . . . . . . . . . . . . . . . . 68
5.16 Radiative forcing for the shape approaches . . . . . . . . . . . . . . . . . . . . 70
5.17 Heating rates for the shape approaches . . . . . . . . . . . . . . . . . . . . . . 72
5.18 Heating rate assuming different shapes . . . . . . . . . . . . . . . . . . . . . . 74
5.19 Ratios of shape effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.20 Schedule: two cloud layers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5.21 Layer properties with inserted low cloud . . . . . . . . . . . . . . . . . . . . . 78
5.22 Sketch of radiation transport . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
5.23 Heating rate with inserted low cloud . . . . . . . . . . . . . . . . . . . . . . . 81
5.24 Heating rate for SWIR and VNIR . . . . . . . . . . . . . . . . . . . . . . . . 82
5.25 Layer properties with inserted low cloud in SWIR and VNIR . . . . . . . . . 83
5.26 Radiative forcing assuming different shapes . . . . . . . . . . . . . . . . . . . 84
5.27 Radiative forcing for the shape approaches . . . . . . . . . . . . . . . . . . . . 85
5.28 Heating rates assuming different shapes . . . . . . . . . . . . . . . . . . . . . 86
5.29 Layer properties with varying cirrus optical thickness . . . . . . . . . . . . . . 87
5.30 Radiative forcing with varying cirrus optical thickness . . . . . . . . . . . . . 88
5.31 Shape ratios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.32 Layer properties for varying water cloud properties . . . . . . . . . . . . . . . 90
5.33 Radiative forcing for varying water cloud properties . . . . . . . . . . . . . . 91
5.34 Effect of the changing water cloud properties . . . . . . . . . . . . . . . . . . 92
5.35 Heating rates for varying water cloud properties . . . . . . . . . . . . . . . . . 94
List of Tables
3.1 Flight overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Overview of the measurement instruments . . . . . . . . . . . . . . . . . . . . 23
3.3 Specifications of the spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.4 Calibration procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.5 Relative uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.1 Optical thicknesses and effective radii of the shape approaches . . . . . . . . 67
5.2 Radiative forcings of the shape approaches . . . . . . . . . . . . . . . . . . . . 71
5.3 Heating rates for the shape approaches . . . . . . . . . . . . . . . . . . . . . . 74
5.4 Radiative forcings with inserted low cloud . . . . . . . . . . . . . . . . . . . . 85
114
Acknowledgements 115
Acknowledgements
This work was performed at the University of Leipzig and was partly funded by the German
Research Foundation (Deutsche Forschungsgemeinschaft, DFG) as a part of the AIRTOSS
project (WE 1900/19-1, BO 1829/7-1, SP 1163/3-1)
I am grateful to the Max Planck Institute for Chemistry, Mainz, the Gesellschaft fu¨r Flugziel-
darstellung (GFD), the enviscope GmbH, and the colleagues from Forschungszentrum Ju¨lich
and University of Warsaw for supporting the AIRTOSS – ICE campaigns.
I would like to thank many people who have supported me during my PhD and helped me
finishing this work, with expertise or words of encouragement. First of all, I would like
to thank my supervisor Manfred Wendisch for his support, ideas, and guidance during the
last years. Special thanks go to Evi Ja¨kel for helping me 24 hours a day with professional
and personal support. Further thanks go to my working group, especially Andre´ Ehrlich,
who have contributed helpful ideas, discussions and support in technical issues. Thanks to
Marcus and Frank for the successful and funny campaigns.
Further thanks go to my new employer Dr. Fo¨disch Umweltmesstechnik AG for giving me
the time and opportunity to finish my thesis.
Above all I would like to thank my family and friends, who have always supported my plans
and decisions, and encouraged me to hold on during the last months. Thanks to Mulle for
always being there. And thanks to Flori for proofreading.
Very special thanks go to my boyfriend Simme for being always by my side.

Curriculum vitae 117
Curriculum vitae
Name Fanny Finger
Date of birth 29 December 1985
Place of birth Merseburg, Sachsen–Anhalt
Citizenship German
Current address Reichpietschstr. 39
04315 Leipzig, Germany
Email: fannypunktfinger@yahoo.de
Education
08/1992 – 06/1996 Primary School Am Saalahang, Merseburg, Germany
07/1996 – 07/2005 High School Johann–Gottfried–Herder–Gymnasium,
Merseburg, Germany
Degree: Abitur
10/2005 – 04/2011 Student of Meteorology at the University of Leipzig,
Germany
Degree: Diploma
05/2011 – present PhD student at Leipzig Institute for Meteorology,
University of Leipzig, Germany
Employments
07/2009 – 03/2011 Student assistant of Dr. Ina Matthis
at Leibniz–Institute for Tropospheric Research Leipzig,
Germany
05/2011 – 09/2015 Scientific employee at Leipzig Institute for Meteorology,
University of Leipzig, Germany
10/2015 – present Employee at Dr. Fo¨disch Umweltmesstechnik AG,
Markransta¨dt, Germany
